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Why Lanthanides? 
Lanthanide coordination compounds have aroused large interest in the last decades 
mainly for their particular spectroscopy properties. Just typing, for example, “Lanthanide 
Complex” on the Scifinder Scholar research database, it is possible to figure out which are the 
most representative keywords that characterize the rare earth research field and then their 
possible applications: on a sample of almost 3000 papers (Figure 1, half of them are less than 
ten years old), ignoring obvious tags such us “rare earth metals/complexes”, the most 
recurring concepts in the lanthanide coordination chemistry concern the electronic 
spectroscopy (in absorption and emission) properties, followed by molecular/crystal structure 
and NMR. Such these three keywords represent, nowadays, either the most important fields of 
application and the most employed investigation methodologies of rare earth complexes in 
chemistry, material sciences and biomedicine. With these three keywords, let’s introduce 
some fundamental issues concerning the rare earth coordination chemistry. 
 
Figure 1. Resulting keywords obtained typing “Lanthanide Complex” in a research database. 
Electronic spectroscopy (absorption and emission). The electronic and magnetic 
properties of a lanthanide complex are determined and modulated, along the series, by the 
gradual filling of the 4f orbitals and their unique peculiarities with respect to the d ones in the 
transition metals complexes. From an inorganic chemistry course, talking about lanthanide is 
immediately valid the “relationship” 
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Lanthanide f orbitals buried  ; 
in fact, these orbitals are inner with respect to those with 5- and 6- principal quantum number 
and display a weak hybridization with them: this determines an outer common frontier for all 
the lanthanides leading to a similar chemical behavior throughout the series.  
Noteworthy, from this atomic structure arises the tendency of a Ln
3+
 ion (the trivalent 
state is the most common) to establish mainly electrostatic interactions rather than covalent 
bonds, with very poor directional character, variable coordination number and small crystal 
field contact with the ligand. In fact, the electronic terms in a Ln
3+
 ion, even in a complex, are 
determined primarily by angular momentum interactions (spin orbit and jj couplings), and not 
by the influence of crystal field; S (spin angular momentum) and L (orbital quantum 
momentum) combine together to give the total quantum angular momentum J.  
In addition, in a symmetrical environment all ±MJ projections of J (Kramers doublets) 
are degenerate. Crystal field may remove this degeneracy to a number of states that depends 
upon J and especially on the symmetry of the system. Both absorption and emission spectra of 
Ln
3+
 have well resolved narrow lines, again for the weak coupling with the environment of 
the rare earth ions: a closer inspection of these spectral bands reveals a finer structure that 
contains additional information. This “multiplicity” arises from the different MJ terms for the 
spin-orbit coupling (difference of 1000 cm
-1
) and from sublevels determined by the CFS of 
each electronic MJ state (of the order of 10 – 1000 cm
-1
) for the weak interaction f electron-
ligand (Figure 2). 
 
Figure 2. Electronic states of some Ln
3+
 aquo ions with a closer look on the sublevels arising from the 
CFS in a eventual lanthanide complex. 
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 While in absorption the f-f transitions are characterized by small , because they are 
Laporte forbidden in the pure intra-configurational version, almost all Ln
3+
 are luminescent in 
an extended range of wavelength (UV, VIS and NIR).  
In fact, lanthanide compounds, and in particular complexes with organic ligands, find 
wide application in light-emitting devices on different levels: from OLED (organic polymers 
doped with rare earth complexes) to molecular probes in microscopy. 
Structure/NMR. The evaluation of the molecular structure is a fundamental step in the 
study of a lanthanide coordination compound, not only for the mere identification of an 
unambiguous species, but also to explain, when is possible, the connection with the specific 
spectroscopy properties of the system. X-rays diffraction (XRD) is the most used 
methodology to investigate a structure, but it limited to the solid state and commonly to 
(relatively large) single crystals; thus it is of little help for understanding the behavior in 
solution, the phase where almost all the spectroscopy investigations are carried out. In this 
context, the evaluation of the solution structure becomes of prime relevance, and the 
paramagnetic NMR approach results very helpful. In fact, except for La and Lu, all the other 
Ln
3+
 ions have unpaired electrons and are paramagnetic.  
To make long story short, the paramagnetism of a Ln
3+
 ion in a coordination compound 
determines an interaction between the lanthanide unpaired electron density and the ligand 
nuclei. At the NMR spectrometer this effect is practically observed in an additional 
contribution to the chemical shift of an observed nucleus, the paramagnetic shift, and also to 
the relaxation times (especially shorter T1). From the quantitative analysis of both these 
parameters, it is possible to evaluate a detailed solution structure of the system. In addition, 
thanks to the resonances spreading effect of a Ln
3+
 ion on the NMR spectrum, it is possible to 
extend the range of dynamic exchange regimes accessible to NMR.  
Obviously, the NMR spectroscopy remains, above all, one of the most important and 
enduring application field for the lanthanide coordination compounds (just remember the 
lanthanides shift reagents) as biomedical paramagnetic probes or simply as Gadolinium-based 
MRI contrast agents. 
Just these few keywords highlight the strong connection between the structure of a rare 
earth complex and its spectroscopy properties, and the designing/developing of new systems 
may take advantage from the paramagnetic NMR investigation methodology, an approach 
which will be discussed in detail.  
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Moreover, another interesting aspect is the introduction of chirality elements into a 
lanthanide complex, in particular thanks to dissymmetric centers/chiral axis into the organic 
non racemic ligand. This determines some important features: 
 Dealing with at least hexacoordinated lanthanide complexes, for some 
coordination geometries one has to take into account the coordination polyhedron 
chirality Λ/Δ: when the ligand is itself chiral, its stereogenic elements are 
conjugated with the Λ/Δ chirality, so as example Λ(RRR) and Λ(RRS) as well as 
Λ(RRR) and Δ(RRR) are two pairs of diastereoisomers. These aspects, together 
with the existence of different more or less distorted structures, can give rise to 
multiple species in solution, sometimes in observable exchange between them. 
 The possibility to examine the chiroptical properties of the system with the 
Circular Dichroism (CD) spectroscopy in a extended range of energies (IR, NIR, 
UV-VIS), either in absorption (Electronic CD, Vibrational CD), sensitizing the 
ligand or the metal, than in emission (Circular Polarized Luminescence, CPL).  
 A non racemic rare earth chiral complex emits circularly polarized light, and the 
“enantiomeric excess” of this emission, quantified by the lumg ,
*
 is strictly 
connected to structural and electronic features. This chirality of the emitted light 
can be used as another modulation parameter in optoelectronics, to extract further 
information. 
 The presence of C3 or higher axis in the system simplify the paramagnetic NMR 
investigation (see later on), in addition, thanks to the isostructurality along the 
rare earth series, one can extend the structural results obtained for a specific 
lanthanide element to all the series. This may permit to explain a certain 
spectroscopic phenomenon observed for a lanthanide thanks to evidences 
collected from another one. 
This thesis summarizes my experience in the investigation of chiral lanthanide 
complexes and in the research of their structural-properties relationship: this has been realized 
thanks to a dual methodology based on paramagnetic NMR/chiroptical spectroscopies 
developed in our team and refined during these last years. Our attention has been focalized 
onto different chiral systems: stable chelate complexes such as camphorate derivatives and 
                                                 
*
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, where IR and IL are respectively the intensity of the emitted right- and left-circularly 
polarized light. 
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labile adducts with chiral molecules of natural origin (camphor, carvone, menthol, etc.). On 
the latter category, a novel spectroscopy effect for the vibrational CD of rare earth chiral 
complexes/adducts is pointed out and preliminarily rationalized. 
The manuscript is divided in a first part dedicated to our investigation methodologies 
flavored with a little bit of theory (paramagnetic NMR, chiroptical spectroscopies, optical 
activity of lanthanides systems) required for better understanding the second part, dedicated to 
published results.
†
 
In conclusion, coming back to the initial issue “Why Lanthanides?” the answer is 
because this research field has modern, innovative and stimulating applications, from 
paramagnetic/luminescent probes in biomedicine to dopants for polymers with 
optoelectronic/photovoltaic uses, and it gives access to investigation methodologies, which 
provide a detailed picture of many chemical and physical issues involved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
†
 All the papers are reprinted with permission from their respective published papers. Copyright 2012-2013 
American Chemical Society, Elsevier and Royal Society of Chemistry. 
 6 
 
 
 
 
 
 
 
 
 
 
 
7 
 
Solution Structure Evaluation 
The dual NMR/chiroptical spectroscopies method 
In this introduction to the chapter I will give some theoretical basic notions on 
paramagnetic NMR and the chiroptical spectroscopy applied to chiral lanthanide complexes, 
two fundamental tools of a dual method we have developed for the evaluation of the solution 
structure of rare earth chiral coordination compounds.  
As I have already introduced, the paramagnetism of a lanthanide coordination 
compound, “seen through the eyes” of the NMR spectrometer, represents a valuable 
instrument to calculate a detailed solution structure of the system. The crude phenomenon 
observed in a proton/carbon spectra has to be rationalized to get the structural information, 
that can be contemporarily examined and refined with other techniques, such as the 
chiroptical spectroscopies (circular dichroism, CD, in absorption and circularly polarized 
luminescence, CPL, in emission) for chiral systems. 
Paramagnetic NMR notions 
First of all, let’s introduce some basic theory of the lanthanide paramagnetic NMR to 
better understand this investigation methodology; for a more complete theoretical review see 
Bertini et al.
[1]
 and for a more applied works see Piguet and Geraldes
[2]
 and Di Bari et al. 
[3]
 
for chiral lanthanide complexes. 
Lanthanide complexes (chiral or not) find a prominent application as auxiliaries in NMR 
spectroscopy: they induce significant modifications of the analyte spectrum with which they 
interact. The principal effect resides in the shift of the nuclei resonances of the interacting 
molecule, commonly referred to as LIS (lanthanide induced shift), accompanied by a 
broadening of these lines, due to the transverse (T2) component of a phenomenon called LIR 
or lanthanide induced relaxation. 
The origin of these two lanthanide-induced effects is found in the coupling between the 
nucleus observed through magnetic resonance and the unpaired lanthanide electrons, the so-
called hyperfine interaction. Moreover, different lanthanides that possess a different number 
of unpaired electrons, exert the same phenomena (shifts and relaxation) with a different 
“intensity”. 
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Figure 1. Pseudocontact (left) and Fermi contact shifts (right) origin for an organic moiety 
coordinated to a Ln
3+
 ion. 
 A lanthanide-interacting nucleus (e.g. 
1
H or 
13
C) has an observed chemical shift (
obs ) 
which is the sum of a paramagnetic term ( para ) and a diamagnetic one ( dia ), where the 
latter is originated from the organic framework electron density, and usually evaluable as the 
chemical shift of the nucleus in the Lanthanum or Lutetium derivative. The paramagnetic shift 
is, in turn, the sum of two contributions, called contact ( FC , FC or Fermi contact) and 
pseudocontact shifts ( PC , PCS). 
 obs para dia     (1) 
 para FC PC     (2) 
The contact term arises from the probability of finding the electron localised onto the 
observed nucleus (Figure 1 right); this property is transmitted through covalent bonds and 
usually can be neglected for nuclei distant more than 4-5 bonds from the paramagnetic centre 
(unless involved in extensive conjugation). It’s interesting that for three-bond systems, it 
follows a Karplus-like trend, with a maximum for antiperiplanar arrangements. 
On the contrary, the pseudocontact term is directly dependent on the structure and on the 
magnetic anisotropy of the ion (Figure 1 left) and its dipolar coupling with a nucleus. Large 
paramagnetic anisotropies are expected when orbital contributions to the ground state is 
considerable because such contributions are orientation dependent. For lanthanide metal ions, 
the combination of spin (S) and orbital (L) contributions to the total angular moment (J) 
(modulated via the spin-orbit coupling) produces considerable magnetic anisotropy when 
crystal field effects due to coordinated ligands remove the spherical symmetry around the 
metal. In axially-symmetric complexes we obtain a considerable simplification (some 
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components of the magnetic susceptibility tensor are equal and cancel out), in fact in the 
presence of a C3 axis (or higher), the pseudocontact shift is described by the useful 
McConnel-Robertson relationship 
 
2
3
3cos 1PC i
i
i
D
r



  (3) 
where the parameter D  includes magnetic susceptibility anisotropy and crystal field 
parameters,   is the polar angle of the considered nucleus and r is the distance from the 
lanthanide ion. Equation 3 represents a first example of connection between a spectroscopy 
parameter as the chemical shift and geometrical ones such as   and r (usually this ratio is 
abbreviated in iG , geometrical factor for the i-th nucleus for a specific lanthanide).  
Paramagnetism-enhanced relaxation represents the increased rate of nuclear recovery 
toward equilibrium determined by very efficient fluctuating magnetic fields generated by the 
unpaired electrons. Again, electron and nucleus are coupled by dipolar interaction, through 
two different mechanisms. The nucleus experiences directly the magnetic field generated by 
the unpaired electron(s), which is called dipolar relaxation; secondly, given its long lifetime, 
the nucleus senses the average magnetic moment of the molecule, which in turn is responsible 
for its macroscopic magnetic susceptibility (Curie relaxation). Both these effects follow the 
trend shown in Equation 4. 
 
1,2
1,2 6
A ( )
=
ci
ir

  (4) 
For the dipolar mechanism longitudinal and transverse relaxation rates are equal and 
1310c s s 
 , the electronic relaxation time. Curie mechanism is temperature dependent (it 
arises from Curie’s law) and external field dependent. It determines A1≠A2 and consequently 
the two relaxation rates are different, with c r  the rotational correlation time
*
. Properly, ri 
is the electron-nucleus distance and assumes that the unpaired electron(s) cloud can be 
effectively described as a point fixed in space (point-dipole approximation). This is usually 
valid for nuclei 4 Å away and excluding extensive electron delocalisation onto the ligands. In 
                                                 
*
 This can be approximately predicted through the Stokes equation 
34
3
R
R
A
Ma
kT dN kT

  , with  the 
viscosity of the solution, a  the radius of the molecule supposed spherical, RM the molecular weight, d the 
density and AN the Avogadro number. 
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such a hypothesis, ri can be substituted by the nucleus-Ln
3+
 distance, then, as with the 
paramagnetic shifts, also the relaxation rates can give us a connection with structure features 
of the system in exam.  
While the paramagnetic transverse relaxation rates can be tricky to evaluate in a 
lanthanide complex (additional broadening due to magnetic field inhomogeneity and to 
partially unresolved scalar couplings may complicate their determination), the longitudinal 
proton 
1  relaxation rates can be obtained through a simple inversion recovery NMR 
sequence: one can easily isolate the paramagnetic contribution to the 
1  using the 
diamagnetic reference;
†
 we can relate, together with the PCS, the 1
para of a nucleus to its 
distance from lanthanide ion obtaining another full set of data (chemical shifts independent) to 
use in the determination of the solution structure. 
The paramagnetic NMR methodology we have refined in the last years, includes 
different phases: after the real NMR investigation and assignment (see the Paramagnetic 
NMR part for further details), a second phase envisages the extrapolation of the PCS from the 
observed shifts, but it’s important to consider some issues: 
 We need a diamagnetic reference such us the Lanthanum or Lutetium derivative of the 
complex. 
 We have to consider the presence of free-bound exchange or structural rearrangement 
equilibria and their rate with respect to the NMR timescale (fast, intermediate or slow) 
that can complicate our analysis (first of all the assignment phase). 
 For certain Ln3+ (see below) we may neglect the FC shifts, mainly because they affect 
greatly only nuclei (proton, carbon) next to the coordinated donor atom (usually O, N 
or P) in vicinal and antiperiplanar position to the lanthanide ion (one commonly has to 
discard them in the investigation of the structure if we can’t assure the correct 
extraction of the PCS term). 
 At any rate, in the literature one can find different separation methodologies for 
achieving the extraction of the PCS, as will be discussed further below and in great 
detail in reference [2]. 
                                                 
†
 again 1 1 1
obs para dia    or for nuclei not too much close to the Ln3+ 1 1
dia free  of the free organic 
molecule/ligand. 
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The most common coordination number, henceforward CN, in lanthanide complexes is 
8-9. As I have already pointed out, they are typical hard Lewis acids and the bonding in their 
complexes is electrostatic and non-directional. As a result, steric factors govern the 
coordination geometry of lanthanide complexes. The CN may vary along the series reaching 
10-12 for La
3+
 and the other early lanthanides (greater ionic radii), while the capability to 
expand the CN becomes lessens across the series. 
In line with these variable CN, lanthanide complexes can be characterized by a labile 
axial coordination site, possibly occupied by solvent molecules, water or other ligands. This 
profoundly alters the crystal field parameters (and ultimately the magnetic susceptibility 
anisotropy D, see below). Noteworthy, for this modulation of the CN variability, with some 
Ln
3+
 it’s possible to observe even the co-existence of hydrated/anhydrous forms for a specific 
lanthanide in a specific complex: a part is “wet” compound (with axially coordinated 
water/solvent) and the rest is a “dry” complex; this can also give rise to a intricate situation in 
relation to the rate of this equilibrium with respect to the NMR timescale. This feature is 
strictly bound to the high lability of these complexes and so their application as MRI agents, 
shift reagents and catalysts, and may sometimes be observed with NMR. 
The relationship between the magnetic susceptibility anisotropy and crystal field 
parameters has been investigated by Bleaney
[4]
 and revised by Mironov et al.
[5]
 In the original 
paper, Bleaney defined D  as a parameter that represents the magnetic susceptibility 
anisotropy of the lanthanide ion 
 
2
0j iD C B G  (5) 
 
1
( )
*( 1) ( , )k qiq k qk
i
r
B e C d
r

      (6) 
 2 20 3
( )
*(3cos 1)i i
i
r
B e d
r

     (7) 
where jC  is a so-called Bleaney’s factor,
2
0B  is the second order crystal field parameter 
that depends on the distribution of charge around the Ln
3+
, ( )r  in turn heavily dependent on 
charge and polarizability of donor atoms and their relative positions and distance from the 
lanthanide ion (Equations 6 and 7). This is a primary source of connection between the 
spectroscopic issues as the chemical shifts and structural aspects. 
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Once defined the parameter D , we can return to the influence of axial coordination of 
molecules (ancillary ligands) on the geometry and the spectroscopic properties of the system. 
As I have just examined, for late Ln
3+
 the possibility of expanding the coordination number 
becomes more difficult, so one can observe for the same complex the coexistence of hydrated 
and anhydrous form along the series. Early lanthanides are usually totally hydrated, instead 
the late ones, in particular Ytterbium, are anhydrous. Di Bari et al.
[6]
 firstly reported that the
D  value can be considered as the sum of two terms: 
 obs axial ligandD D D   (8) 
where axialD is a function of the nature of the axial ligand and ligandD is the contribution 
brought about by the coordination of the ligand. The latter is sensitive to the shape of the 
coordination polyhedron, assuming different values for different geometries. It’s noteworthy 
the effect of the presence and the type of coordinated axial molecules on the D  final value, 
which stems directly from the crystal field theory: in fact the geometrical part of 20B  
(Equation 
7) of a molecule coordinated along the symmetry axis ( 0  ) may be much larger than the 
one due to a fragment of the ligand with the same donor atom (oxygen for example). 
All the methods – the so-called model-free methods – to separate the contact from the 
pseudocontact contributions make use of known relationship for i-th nucleus and j-th 
lanthanide 
 c
ij i z j
F S    (9) 
 paraij i z j ijF S D G      (10) 
 
para
ij j i
i
z zj j
D G
F
S S
 
   (11) 
where the terms z jS  are rather insensitive to the specific complex and have been calculated 
throughout the series. Reilley
[7]
 developed a procedure that also permits to underlines possible 
structural changes along the lanthanide series of the studied complex, by plotting 
para
ij j
z zj j
D
vs
S S

(Equation 11): a break from a general linear trend (usually two or more linear 
trends with different slopes) underlines the presence of a geometry variation along the series. 
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It’s important to point out again that this method, as other ones, is based on the validity of 
Bleaney’s theory in particular on the calculated jC  ratios for different lanthanides. 
We proposed a new separation method (see the Results part) to reduce the effect of the 
variation of crystal field parameters, which may be not connected to significant changes in 
geometry of the system, but rather to axial dynamics or to the small shrinkage brought about 
from lanthanide contraction. 
For the second part of this introduction I will quickly discuss about some fundamental 
notions on chiroptical spectroscopies, in connection to lanthanide complexes. For an 
exhaustive and detailed review on the circular dichroism principles and applications there are 
two recent works by Berova et al in 2007
[8]
 and Pescitelli et al in 2011,
[9]
 and specifically for 
the circular dichroism of chiral lanthanide complexes see [3] or [10]. 
Chiroptical Spectroscopies 
The definition of circular dichroism is based on the interaction of a chiral non-racemic 
sample with left and right circularly polarized light (two enantiomeric form of polarized 
light); the nature of this interaction is diastereomeric, and the difference in absorbance 
between left and right circularly polarized light of the sample is the circular dichroism 
(Equation 12). 
 
l rCD A A   (12) 
The molar quantity of the circular dichroism is defined trough the Lambert-Beer law as 
 
33000
l r CD
c b
     
 
 (13) 
that is independent of concentration c (mol·L
-1
) and pathlength b (cm). It’s possible to 
appreciate a non zero CD signal only in correspondence to absorption bands, and it can be 
positive or negative depending if
l is greater or smaller than r . For organic molecules, 
usually, most electronic transitions are located in the UV region, and in the regular absorption 
spectra it’s possible to observe a band, or bands, when the corresponding electronic transition 
is characterized by a non vanishing electric transition dipole; this is also associated to a CD 
band (electronic circular dichroism, ECD) if it is allied to an overall roto-traslation of the 
electronic charge defining an helical path (see later on for further details), which also brings 
about a non vanishing magnetic transition dipole ( m ). The integral of a CD band (also called 
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Cotton effect) is proportional to the following scalar product, defined as rotational strength 
(Equation 14). 
 d R m       (14) 
Then, for a non zero CD signal both the electric and the magnetic transition dipole has to 
be not orthogonal and not vanishing. For two enantiomers R is equal in magnitude but of 
opposite sign, which results in exactly opposite CD spectra. All this treatment can be 
extended to vibrational transitions in chiral molecules/metallic complexes in the IR region 
(vibrational circular dichroism, VCD) and not only in absorption but also in emission 
(circularly polarized luminescence, CPL). 
Moreover, I recall a very useful rule – called sum rule –: the integral of the CD over the 
whole electromagnetic spectrum is zero. Usually a non-zero integral in a specific zone may 
means that in another part of the spectrum one can found other bands that balance it. This 
aspect will be treated in detail later on, relatively to important electrostatic interaction 
processes between the Ln
3+
 ion and the organic ligand.  
In the context of organic molecules ECD or CPL, a chromophore is usually a functional 
group or a combination of several groups with a more or less extended   electron system. A 
chromophore as in a chiral organic molecule or in a metal complex can be intrinsically chiral 
or achiral. 
As I have reported in the introduction, in lanthanide compounds the chirality of the 
ligand (with its stereogenic elements) couples with the dissymmetry of the coordination 
polyhedron. In Figure 2 one can find two common coordination motifs for chiral lanthanide 
complexes. With CN = 6 I bring as example a chiral diketonate complex such as the tris 
perfluoroalkyl camphorate (Ln(tfc)3 with R = CF3 or Ln(hfbc)3 with R = C3F7) intensively 
used in the field of CLSR (chiral lanthanide shift reagents) for NMR, whose polyhedron is a 
trigonal antiprism (TA); for CN = 8 I bring as example the DOTMA ligand, a chiral derivative 
of the DOTA family (with the tretraazacyclododecane macrocycle scaffold), one of the most 
popular contrast agents for MRI (molecular resonance imaging); in this case the relative 
polyhedron is the square antiprism (SA).  
Both the polyhedra depicted in Figure 2 have been represented as a regular trigonal 
antiprism (RTA) or regular square antriprism (RSA): they possess a Cnd or Dnd (n = 3, 4) point 
symmetry, and then are intrinsically achiral. The /   chirality arises from the relative 
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arrangement of the chelating bridge connecting the donor atoms. The coordination polyhedron 
may move away from its regular version, obtaining a certain degree of twist, through a 
rotation around the symmetry axis of the upper donor atoms plane respect to the lower one 
(the chelating bridges are then differently tilted). These twisted forms (TTA twisted trigonal 
antiprism and TSA twisted square antiprism) are otherwise intrinsically chiral, passing from 
Cnd to Cn and from Dnd to Dn, losing the improper symmetry elements. 
If both the enantiomers of the chiral ligand are present, there may be a further 
complication, due to the existence of homo- vs. heterochiral species, as it will be discussed in 
the following section on paramagnetic NMR. 
 
Figure 2. /  stereoisomerism in hexa- (perfluoroalkyl camphorate) and octacoordinated 
(DOTMA) chiral lanthanide complexes. 
Coming back to the investigation of chiral lanthanide complexes with the CD (CPL), the 
presence of these two type of chiral elements in the system, the ligand chirality and the 
coordination polyhedron chirality, gives us the chance to analyze the system from two 
different but strictly connected points of view:  
 if the ligand contains a suitable chromophore, one can measure the ECD spectrum of 
the organic framework of the system, ligand centered ECD (LC-ECD); these spectra 
can be rich of structural details, in particular concerning the relative interaction of the 
ligand units in space. 
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 The other observation window is through the f-f transitions of the rare earth ion (the 
electronic levels are splitted from spin-orbit coupling and from the crystal field) in 
absorption, with the metal centered ECD (MC-ECD), or in emission with CPL, which 
may provide information about the chirality of the coordination polyhedron.  
Both these aspects will be treated in two distinct section of this chapter. 
Once I have illustrated the basic theory behind the spectroscopic techniques adopted to 
study chiral lanthanide complexes, the block diagram in Figure 3 exemplify the essence of our 
dual NMR/Chiroptical spectroscopies investigation method, that will be discussed in detail in 
the next sections. 
 
Figure 3. Block diagram illustrating all the principal phases of our investigation methodology. 
Concluding this introduction, I can now move on to some specific aspects on the 
investigation of the solution structure of chiral lanthanide complexes starting with the 
1
H/
13
C 
NMR analysis. Later, I will discuss the study of the chiroptical properties of chiral rare earth 
complexes either in absorption and in emission to point out connections with the solution 
structure obtained through the paramagnetic analysis. 
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Paramagnetic NMR 
Just observing a proton (or carbon) spectrum of a chiral lanthanide complex one can 
immediately figure out some important aspects of the system: 
 thanks to the paramagnetic contribution, all the resonances of the complex are 
distributed in a large (very large for certain lanthanides) spectral window, then 
the existence of a paramagnetic complex is easily appreciable. 
 The number of paramagnetically-shifted resonances in a proton/carbon spectrum 
gives a preliminary information on the stoichiometry/symmetry of the complex. 
 The complex signals are usually easily recognizable (depending on the 
lanthanide) because they are strongly shifted and may be broad (they may lose the 
scalar coupling fine structure); signal overlapping is rare, because they are very 
spread. 
 Consequently, also the free ligand resonances become easily distinguishable; they 
may arise either from an excess of ligand (or incomplete complexation) or from a 
free/bound exchange in slow regime. 
 Owing to the short T1 it is possible to acquire a spectrum at increased rate, with 
short relaxation delay in the pulse sequence; to selectively enhance the 
paramagnetic signals intensity, with respect to diamagnetic ones due e.g. to free 
ligand, contaminants, solvent, one can insert a “train” of dummy scans‡ to saturate 
the signals with longer T1. 
Structural/chemical exchange dynamics 
I recall a basic notion from any NMR textbook: a dynamic process is slow on NMR 
timescale if its rate constant k 
 2 ( )k Hz   (15) 
where  is the separation of resonance frequency between the observed nucleus in the two 
species in equilibrium. In fast exchange regime, one observes one set of resonances for 
example during a titration of a ligand with the lanthanide, one follows the spreading of the 
signals, which asymptotically tend to the ones of the complex.  
                                                 
‡
 Dummy scans (ds, Bruker) or steady state scans (ss, Varian) contain all of the rf pulses, delays and 
gradients used in the pulse program, but the receiver is turned off and data are not collected. 
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In the case of lanthanide complexes, there are at least two parameters which play a 
special role in the context of dynamic NMR: temperature and the magnetic properties of the 
Ln
3+
 ion itself. 
On lowering the temperature, there are at least two effects making more stringent the 
condition expressed in Equation 15: a) there is a well-known decrease of the kinetic rate, k, 
according to Eyring equation, which is the basis of the so-called DNMR (dynamic NMR) 
studies and lineshape analysis; b) for paramagnetically-shifted resonances there is an increase 
of the magnetic susceptibility parameter(s) D of Equation 3, which leads to larger values of 
. 
Moreover, as we have seen in Equation 5, the value of D depends strongly on the 
lanthanide, according to the Bleaney’s constant CJ (see Table 1), thus D is largest for Dy
3+
 
and very small for Sm
3+
. 
Accordingly the same dynamic process which appears fast at room temperature may 
easily fall in the slow exchange regime only a few degrees below ambient. Conversely, for a 
given process, assuming equal rate constants for two different lanthanides, one (with large CJ) 
may display a spectrum with two resolved set of resonances (slow exchange) and another 
(with small CJ) a dynamically averaged one (fast exchange). 
A particularly relevant point is to understand if the appearance of one set of 
paramagnetism-shifted resonances is due to an intrinsic symmetry of the complex or rather to 
a dynamic symmetrization process. In this case, one can either realize variable temperature 
spectra (see later on for a quantitative application) or a linewidth analysis: with the first 
approach we decrease the temperature in order to reach the decoalescence of the signals; there 
are usually some limitations such as the solubility of the complex at very low temperature, the 
significant line broadening due to the T-dependence of the transverse relaxation on the Curie 
law (Equation 18) and to the obvious increase in solvent viscosity, and ultimately the freezing 
of the solution. With the second methodology instead, one can grossly estimate the “natural” 
linewidth of some already assigned proton signal, considering all the factors which contribute 
to it, apart from exchange (Equation 16). 
 
calc dia J coupling dipolar Curie           (16) 
In the Equation 16, the diamagnetic contribution can be grossly assessed to 1 Hz; to this one 
must add an apparent broadening for eventual unresolved multiplicity due to J-couplings; the 
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dipolar and the Curie contribution to the linewidth follows the Equation 4 and it can be 
evaluated using these more explicit forms
§
 
 2

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   (17) 
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In Table 1 I have reported some lanthanide constants. 
Table 1. Useful lanthanide parameters for the paramagnetic NMR analysis of complexes. The 
linewidth are reporter in Hz and calculated with Equations 17-19, the Bleaney’s factors, the Sz expectation 
values and their ratios are taken from [1]. s is in ps. 
Lanthanide LnC  z LnS  /Ln z LnC S  s  Dipolar Curie (7T) Curie (14.1T) 
Ce -6.48 0.98 -6.61 0.5 5.4 0.20 0.81 
Pr -11.41 2.97 -3.84 0.5 10.7 0.80 3.2 
Nd -4.46 4.49 -0.99 0.5 10.9 0.83 3.4 
Sm 0.52 -0.06 -8.68 0.5 0.6 0.0025 0.0099 
Eu 4 -10.68 -0.37 - - - - 
Tb -86.84 -31.82 2.73 0.69 109 43 176 
Dy -100 -28.54 3.5 0.82 155 62 249 
Ho -39.25 -22.63 1.73 0.54 102 61 250 
Er 32.4 -15.37 -2.11 0.85 130 41 166 
Tm 52.53 -8.21 -6.4 1.54 147 16 64 
Yb 21.64 -2.59 -8.36 0.28 9.6 2.0 8.3 
The Curie term (in Hz) is evaluated at two different B0 fields and is calculated assuming the Ln-H distance r = 5 Å and 
R = 100 ps. The electronic correlation time τs for the late lanthanides has been taken from [11] and arbitrarily set to 0.5 ps for 
the others. 
Let’s apply the linewidth approach for the practical example reported in Figure 4: a 
proton on a methine carbon atom connected to a methylene one with two equivalent protons, 
                                                 
§
 Here some definitions: I is the Larmor frequency of the I nucleus, B is the Bohr magneton, J is the 
appropriate quantum number for the lanthanide ion, Jg the associated g-factor, I is the nuclear magnetogyric 
ratio for I and k is the Boltzmann constant. 
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is distant 5Å from a Yb
3+
 ion (distance grossly estimated from a MM optimized structure), 
considering a R = 100 ps
**
 and an aliphatic geminal coupling (
3
JH-H = 7 Hz), one can 
calculate a 27calc Hz  , and we can compare it with the observed one; this may be repeated 
for other protons to assure a more accurate analysis. 
 
Figure 4. A methine proton analyzed by the linewidth approach to search the presence of a fast dynamic. 
The slow exchange is a common situation, in particular for lanthanides with very large 
paramagnetic shifts (from Eu to Yb excluding Gd). One can observe two sets of signals 
relative to the free ligand and the complex in chemical exchange between them. If the process 
is slow according to the definition of Equation 15, but fast enough to allow for magnetization 
transfer (i.e. k is comparable or smaller to the shortest relaxation rate) one can analyze this 
process thanks to a 2D EXSY (exchange spectroscopy) map or a simple 1D saturation transfer 
experiment; in both we follow the magnetization transfer due to a chemical exchange process, 
instead of through dipole-dipole spin interactions (cross relaxation).  
Only for small molecules (short correlation time) one can distinguish cross relaxation 
cross peaks (same sign as diagonal peaks) from chemical exchange cross peaks (opposite to 
diagonal) in a NOESY spectrum; for a ROESY this is always true independently from the 
molecular size, but for lanthanide complexes the ROESY version may be more difficult, 
because often strong B1 fields
††
 are required in order to cover the usually very large spectral 
width. The most attractive aspect is that the EXSY/NOESY spectra are quantitative. For a 
simple exchange process the cross peak integral, [AB], and the diagonal peak integral, [AA], 
                                                 
**
 Evaluable trough Stokes equation or trough a determination in a diamagnetic derivative (La, Lu) with a 
13
C-T1 measurement of a CH system, recorded while saturating 
1
H, 
1 1
1( ) 49.4 ( )r ps T s
  . 
††
 B1 is a continuous radiofrequency field applied for the mixing time interval which spin-locks the y-
components of the spin angular moments. 
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can be used to determine the rate constant, where τ is the mixing time of the NMR 
experiment. 
 
 
 
 2
2 2
(1 2 ) 1 exp( 2 )
2 (1 2 )exp( 2 )
AA k k
AB k k k

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  
 (20) 
If the cross peak is small with respect to the diagonal peak, the value of k is small and the 
above equation approximates to the relationship below that can be solved for k (Equation 21 
and 22). 
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If there are more than two species interchanging, the above linear equation can be used 
for each exchange only when the cross peaks are small (initial rate regime, which can be 
approximated by using short mixing times ). When the cross peaks are more intense, then 
matrix analysis is required and this can be done, for example, using the routine EXSY-calc 
developed by Mestrelab research.
[12]
 
In alternative, to extract the rate constant of a dynamic process (for an intermolecular or 
intramolecular exchange) in the slow exchange condition, one can observe the variation of the 
1D spectrum lineshape on changing the temperature of the sample (lineshape analysis)
[13]
 
starting from the spectrum in slow exchange regime at the lowest temperature towards the fast 
exchange at higher temperature. For a simple process, where the populations of the two 
interconverting species are equal and when there is no major difference in the relaxation times 
of the nuclei in the two sites (in paramagnetic system may be a critical point), one can take 
advantage of a couple of very simple equations relating two notable temperatures and G ‡; 
the following equations will provide G ‡ in kJ·mol-1.‡‡ 
For this calculation, one needs two temperature values: 
 The coalescence temperature Tc (i.e. the point when the two lines merge into one) 
                                                 
‡‡
 We have neglected the scalar coupling between the two exchanging nuclei, which is relevant e.g. when 
considering an axial/equatorial equilibrium. When this coupling occurs, or when the two populations are 
unequal, complete lineshape analysis becomes necessary. 
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(23) 
where   is the difference in Hz between the two lines. 
 The temperature Ti where the line broadening starts to become apparent 
 ‡ 3 10( ) ln 8.31 10 ln 1.51 10i i
i i
W h W
G initial broadening R T T
k T T
                   
   
(24) 
Here W is the extent of the observed line broadening in Hz, obtained as the 
difference in linewidth between the spectrum at Ti and the ones at lower 
temperatures.  
It’s clear that B0 inhomogeneity must be very carefully kept under control, possibly 
making reference to a standard signal, such as TMS or residual signal/s of the solvent. It 
should be rather obvious that the initial broadening temperature method is best suited for 
singlets or for well-resolved multiplets. In any case, temperature control (within 1 K) and 
sufficient time for reaching stabilization (at least 10 min for each spectrum) are required, as 
well as accurate shimming before each acquisition. 
Another useful experiment in the slow exchange situation is the 1D saturation transfer; 
typically one can irradiate a paramagnetic signal and observe the resulting effect onto the 
diamagnetic part of the spectrum to gain some information on the connections between 
diamagnetic (usually already assigned) and paramagnetic signals (still to assign). 
Putting aside the intermediate exchange greatly affected by line broadening,
§§
 and inert 
systems, let’s focus in the next section on the analysis of the paramagnetic complex. 
Structure-spectrum relationships 
Some practical consequences of Equation 3 for chemical shifts and Equation 4 for 
relaxation rates (in particular I am talking about 1
dipolar ) are depicted in Figure 5 and Figure 
6. Let’s analyze each part of these relationships in detail: 
 the magnetic anisotropy factor D  determines how large is the spectral window of 
the 1D spectrum; late lanthanides (from Terbium to Ytterbium) all lead to big 
                                                 
§§
 a problem that we can deal changing temperature, solvent or field, to move this situation toward other 
exchange rates. 
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spectral widths, because D  is proportional to the Bleaney’s constants CJ (Table 
1), with a consistent spreading effect onto the proton/carbon resonances, in 
particular for those nuclei close to the Ln
3+
 ion. In Figure 5 are displayed three 
1
H 
NMR spectra (just simple plots of the experimental proton chemical shifts) of 
[Ln(Binolam)3](OTf)3 complex
[14]
 (Binolam = 3,3’-bis(diethylaminomethyl)-1,1’-
bi-2-naphthol) for Pr, Nd and Yb; it’s easy to appreciate the connection with the 
respective jC values, Pr| | | | | |Yb NdC C C  . Choosing a lanthanide with a large D  
may help in the assignment process, because all the resonances are perfectly 
separated. 
 
Figure 5. Comparison between three LnBinolam complexes
[14]
 
1
H NMR spectra to underline the 
different spectral windows and so the different D values (the higher signals represent methyl protons). 
 The sign of the PCS contribution to the chemical shift is connected to the CJ and 
to the 
23cos 1   term of the geometrical factor, where   represents the polar 
angle with respect to the major symmetry axis (Figure 6). This term has its 
maximum positive value (2) with 0,180 deg   and is zero for 54.7deg  ; 
this determines (see Figure 6) two zones with opposite PCS sign, which are 
separated by a conical surface where the PCS is zero (Yb is depicted as example). 
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Simply the sign and the approximate magnitude of the paramagnetic shift gives us 
information about the relative position of a nucleus with respect to the Ln
3+
 ion. 
 
Figure 6. Meaning of the geometrical factor (Gi) of the Equation 3 and sign of the PCS considering 
the Cj and the 3cos
2θ-1 factor signs. 
 Equation 4 reminds us that a nucleus close to the lanthanide ion possesses a 
shorter T1 (or a higher relaxation rate 1 ), than one less proximate. In addition, 
the measure of longitudinal relaxation time through inversion recovery sequence 
may be useful for discriminate and recognize paramagnetic signals (fast 
recovering to equilibrium) from diamagnetic ones (which stay inverted for longer 
time). Moreover, it also tell us what repetition time must be used, avoiding signal 
saturation. 
With all these tools one can now approach step by step the assignment phase of the 
1
H/
13
C NMR spectrum of the paramagnetic resonances, with some illustrative examples: 
1. The choice of Ln3+ derivatives must be guided by the following considerations: a) 
the diamagnetic reference should be chosen as La or Lu (or possibly Y) if the 
paramagnetic one is an early viz. late lanthanide; b) the paramagnetic ion should 
have a high /Ln z LnC S  ratio, in order to ensure maximum PCS vs. FC; c) the 
linewidth due to dipolar and Curie relaxation should be minimal, compared to the 
dispersion of the signal, which is effectively measured by the ratio ,/Ln tot LnC   ; 
d) the largest overall PCS should be preferred, because they carry most structural 
information. Inspection of Figure 7 may guide this choice (y axis represents 
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different measure units, but it’s relevant the comparison between relative values 
for different lanthanides): the general guideline is “the larger the better” for all the 
terms depicted. We can appreciate that Pr, Ce and Yb can often be the best 
choices for small complexes, while for larger molecules (biomolecules, 
supramolecular systems) Dy and Tb can shift also resonances of distant nuclei 
(they have high
LnC ). In particular Ytterbium derivatives, when available, 
represent the best choice (see also the MC-ECD section).  
 
Figure 7. LnC  (dashed line), /Ln z LnC S  (solid line) and ,/Ln tot LnC   (dotted line) plot for the rare earth 
series referred to the Yb
3+
 ion.
 
 
2. The diamagnetic Lanthanum/Lutetium derivative is fully assigned (1H and 13C) 
with standard 1D - 2D NMR techniques and proton longitudinal relaxation rates 
should be also measured with inversion recovery.
***
 
3. A good starting approach to the paramagnetic complex NMR consists in the 
following steps: a) enlarge the spectral width to ±150 ppm for Yb (which must be 
changed for a different Ln according to the ratio CLn/CYb); b) use a relatively fast 
                                                 
***
 The spins are flipped to the –z axis with a   pulse and they evolve 
differently during a following array of delays ( ); a 
2
  pulse brings back the spins onto the xy plane. 
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repetition rate (300 ms), 4-16 dummy scans (to reduce residual solvent, water and 
other diamagnetic contaminants signals) and a suitable number of transients to 
achieve sufficient signal to noise ratio (S/N) especially in the most shifted regions 
(remember strongly shifted resonances are simple to identify as paramagnetic, but 
sometimes for their marked broadness one has to raise the vertical scale to 
identify them); c) run a preliminary inversion recovery with a small number of 
scans and a rough array of  between 1ms and 1s; d) once one has a rough idea of 
the relaxation times, set the recovery time to 3 times the longest paramagnetic T1 
and run an accurate inversion recovery with a more judicious choice of  (in order 
to cover the range of the estimated T1’s) and a suitable number of transients to 
achieve optimal S/N (for very fast relaxing and strongly shifted signals achieving 
inversion may be difficult and requires specific tricks to be explained elsewhere); 
e) re-run the regular proton spectrum with dummy scans and optimal recovery 
time (3 times the longest paramagnetic T1). In the 0-10 ppm zone, one can 
discriminate paramagnetic signals from other ones thanks to their shorter T1. Peak 
integrals are still an excellent tool to help our analysis and even though we have 
lost most of the details of the j-coupling, sometimes one may distinguish singlets 
from structured signals from the overall shape and linewidth (with the 
considerations made before). 
4. If the relaxation times are long enough (above 10 ms) one may use 2D correlation 
experiments, with preference for the shortest sequences (e.g. COSY over 
DQFCOSY). For even longer T1’s standard homo- and heteronuclear assignment 
protocols should be fully attempted (although some experiments may fail and 
some of the peaks may be missing). 
5. Assuming that correlation spectra are not available, a very useful way to 
tentatively assign a paramagnetic proton spectrum is to take the Ln
3+
-
1
H distances 
from a roughly optimized (MM, possibly by setting the Ln-donor atoms distances 
to 2.3-2.5 Å) complex structure (thanks to symmetry properties a part of it is 
enough) and looking for the best linear trend in a 61
paravs r  plot based on the 
Equation 4.
†††
 An example is shown in Figure 8 for the heterobimetallic complex 
YbNa3(Binolate)3,
[15-18]
 where the paramagnetic spectrum is easily assigned with 
                                                 
†††
 Assuming the diamagnetic relaxation rates as 1-2 s is a good approximation. 
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this simple approach, obtaining an excellent linear trend and solving a case where 
integrals or signals fine structure can’t really help the assignment. 
6. Every tentative assignment must be checked vs. all available information (e.g. 
homo or heterocorrelations). 
 
Figure 8. 
6
1
paravs r  plot for the assignment of the YbNa3(Binolate)3 complex. The Yb-H distances 
are taken from a MM2 optimized structure and T1 data (Yb as paramagnetic choice) are taken from 
reference [16]. 
7. After the assignment of a paramagnetic species, there is the opportunity to 
“translate” its chemical shifts into others lanthanide ones thanks to an elaboration 
of Equation 3. 
 2 , 1 2
1
*Ln para Ln diaLni i i
Ln
C
C
     (25) 
The calculated chemical shifts for Ln2 are compared with the observed ones and 
critically examined; there will be some discrepancies (again not perfect validity of 
the Bleaney’s theory or contact term not negligible), but starting from the most 
shifted resonances (the easiest ones to identify), the others have to follow similar 
differences/trends as in the calculated shifts than in the experimental ones. The 
result of this approach is often very good.
‡‡‡
 In Figure 9 (above) is reported as 
example the calculation of the Nd derivative resonances with Equation 25 starting 
from the Yb ones for the already cited Binolam system;
[14]
 noteworthy, almost all 
                                                 
‡‡‡
 We are considering valid the Bleaney’s theory, neglecting the contact contribution and then the 
geometrical factors of the Equation 3 cancels out (same structure). 
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the resonance pattern is well reproduced and it has represented a good guideline 
for the assignment of this paramagnetic derivative. The protons that are affected 
by the “largest” error (1-2 ppm) are the two 9a/9b benzylic ones and the 10b of 
the ethylamino chain. These nuclei are not only considerably close to the Ln
3+
 ion 
with a not negligible contact term, but subsequently the solution structure has 
indicated that the alkyl chain containing the 10b atom lies almost on the change 
sign surface (this can be visualized in Figure 6 where Binolam were reported as 
example) with a small PCS value. 
At the end of the assignment phase (the carbons signals are assigned in 
consequence of the proton ones through scalar correlation maps) one can run an 
isostructurality test to appreciate the quality of our work; it consists in plotting 
the paramagnetic chemical shift of a species (both proton and carbon) against the 
ones of a lanthanide taken as the reference (usually Ytterbium); a good linear 
trend indicates that the inter-lanthanides assignment is correct and that 
isostructurality holds (same geometrical factors) along the series for this complex. 
The slopes of the , 1 ,
para para
i Ln i refvs  plots are in theory the ratios of the relative jC , and 
the nature of some mismatches can be ascribed to the axial coordination effect 
illustrated in the introduction part (see later on for a relevant example). In 
addition, with these plots, proton and carbon atoms affected by large contact 
shifts are easily pointed out, because the corresponding points in the plot lay far 
from the fitting line. We should exclude them in the determination of the solution 
structure, especially if we can’t well isolate their PCS contribution (see next step).  
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Figure 9. NdBinolam exp. and calc. 
1
H spectrum (above), , 1 , 2
para para
i Ln i Lnvs  plot of the Nd and 
Yb derivatives for the Binolam system (below).
[14]
 
 
In Figure 9 (below) is depicted as example the , 1 , 2
para para
i Ln i Lnvs   
plot for the Binolam 
system; as one can notice the four nuclei outside the linear trend are considerably 
affected by contact, especially the two aforementioned benzylic protons and we 
can’t simply relate the total paramagnetic shift to the PCS. The other effect one 
can point out from Figure 9 is that the experimental slope (-0.22) is very close to 
the jC ‘s ratio (-0.206), obviously if we exclude these four atoms from the linear 
fitting. The excellent linearity in a , 1 , 2
para para
i Ln i Lnvs   
plot means essentially that the 
solution structure is preserved along the series (Nd and Yb are almost opposite) 
and there are no effects that influence the crystal field parameters, such as the 
already mentioned different coordination of water (solvent) molecules. This 
aspect is also corroborated by the similarity between experimental and theoretical 
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slopes, because this system well follows Bleaney’s theory (and this is not a 
common case). 
8. Extracting the PCS from the total paramagnetic term is a very tricky issue. First 
of all, a central question is: Do we really need to isolate the PCS? In cases where 
an appreciable contact contribution is solely limited to nuclei (protons and 
carbons) very close to the Ln
3+
 ion, while the other ones behave with 
good/excellent linearity in , 1 , 2
para para
i Ln i Lnvs   
plots, one can rely upon the total 
paramagnetic term without making a large error. This is not always a general 
case, then the extraction of the pseudocontact contribution becomes considerably 
important, even because some of these methods allow us to point out the presence 
of some structural variations along the series. Let’s examine the extended version 
of Equation 2 for a non-axial system to analyze its fundamental parts (Equation 
26 and 27). 
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One can simply go back to the simplified Equation 10 when a C3 axis or higher is 
present (
j j
xx yy  ). The 
j terms are part of the susceptibility tensor and together 
with z jS they depend exclusively from the j-th lanthanide, while the geometrical 
factors iG and iH (the latter called rhombic term) depend only on the i-th nucleus. 
There are several methods in literature (for a exhaustive treatment see again [2, 
3]), and they can be divided into two types, depending on their different 
approach: one based on the calculation of the anisotropic part of the 
paramagnetic susceptibility tensor thanks to an already known reasonable 
structural model and the other, model-free methods, instead requires the a priori 
separation of the FC and PCS contributions. The marked drawback of the first 
(more theoretical) methodology is the necessity of a previous knowledge of the 
complex structure, which should best be determined by means of PCS analysis; 
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instead the second methodologies, such as the already exposed Reilley method 
(Equation 11), found a larger number of applications; high symmetry (presence of 
at least C3 - C4 axis) again greatly simplifies the problem; moreover, examining a 
more complete relationship respect to Equation 11 and grouping some terms of 
Equation 27 we obtain 
 2 20 2( 6 )
para
ij i z j i ij
F S C B G B H      (28) 
again one can go back to Equation 10 considering that for axial symmetry system 
2
2 0B  . The Reilley approach consists in factorize Equation 28 with either z jS
or jC (both terms independent from crystal field splitting, Equation 29 and 30). 
 
2 2
0 2( 6 )
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i i i
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S S
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2 2
0 2( 6 )
para
zij j
i i i
j j
S
F B G B H
C C

    (30) 
Equation 29 should be used when the 
para
ij is dominated by the pseudocontact 
term and Equation 30 when is dominated by the contact contribution. The 
resulting 
para
ij j
z zj j
C
vs
S S

 
or 
para
zij j
j j
S
vs
C C

plots give a straight line for the i-th 
nucleus for all the j-th lanthanides and each slope permits us to evaluate its PCS 
term or the FC one. Any deviation from the linearity or abrupt break has always 
been ascribe to the variation of the 
2 2
0 26i iB G B H  structural term (starting from 
the lanthanide contraction phenomenon). A detailed critical description of 
Reilley’s method together with a modification proposed during the course of this 
thesis is presented in the Results part of this work. 
9. Once one has extracted the PCS (or determined the simple paramagnetic 
contribution) and collected the 1
para values of the reference lanthanide complex, 
one needs to optimize the molecular structure of the system (a part of it thanks to 
the symmetry properties of the system) and to find the one with the minimum 
difference between experimental and calculated PCS/ 1
para . The complete 
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resolution of the structural problem consists in the determination of the 3N-6 
coordinates for the N atoms; the number of variables is greatly reduced imposing 
some constraints, like inter-nuclear distances and angles. Through the Equation 
26 for the PCS and Equation 4 for the relaxation rates (Curie and dipolar) one can 
impose experimental constraints for the optimization of the components of the 
susceptibility tensor, the correlation time (rotational, electronic or both), the 
location of the lanthanide ion and a set of dihedral angles describing the 
conformation of the organic ligand. A Fortran routine developed in our group, 
PERSEUS,
[19]
 performs a non-linear fitting minimizing the following functional 
(Equation 31) 
 
 
2
( ) (exp) 2 ( ) 2(exp)
( ) ( )
1 1 1
2
(exp) 2 2(exp)
( )
1 1 1
( ) ( )
( ) ( )
s t u
pc calc pc par calc par
i i i m m km k Ln D k Ln D
i m k
s t u
pc par
i m k Ln D
i m k
A B C r r
F
r
   
 
 
  

  
  
  
  
  
 (31) 
where the sums are performed for i PCS, m relaxation rates and for all the k donor 
atoms, each independently weighted through the factors ,i m kA B and C . 
PERSEUS realizes the minimization of F varying the independent components of 
the magnetic susceptibility tensor, the A parameter of Equation 4 containing a 
linear combination of s and r , the location of the Ln
3+
 ion and a set of dihedral 
angles along single bonds. Equation 31 is an application of the more general 
concept of agreement factor (AF) a common quality parameter.  
PERSEUS has been used in several cases in the last ten years
[14, 16, 20-22]
 (some 
examples are reported in Scheme 1) and its structural output independently 
validated through other spectroscopies (see later on the CD sections). 
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Scheme 1. Some examples of lanthanides complex studied with PERSEUS. 
 
Dynamical NMR studies in Ln complexes 
For the last part of this section let’s illustrate some cases of dynamical issues in chiral 
lanthanide complexes examined through the “lenses” of the paramagnetic NMR. 
I have already mentioned how the variable coordination along the lanthanide series 
affects the investigation of these systems on different points. Moreover, on this line, the effect 
of the differential coordination of water (solvent) molecule/s for a specific lanthanide 
complex is reflected on the NMR observables, and then is possible to point it out. The axial 
lability of rare earth complexes is one of the key point of their chemistry and depending on 
the lanthanide, and of course on the type of complex,
§§§
 one can observe a variable quantity of 
hydrated and anhydrous complex, which at room temperature are in fast (sometimes 
intermediate) exchange equilibrium (on the NMR timescale). In fact, 
                                                 
§§§
 Hexacoordinated complexes not axially capped (with axial freedom) usually suffer this phenomenon. 
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k
k
H A W


   (32) 
where H is the hydrated form and A is the anhydrous one (W is the water molecule). The 
position of the equilibrium is determined by the residual water content, but it depends on the 
capability of the lanthanide ion to increase/contract its CN. Equation 8 explains very well the 
immediate effect of this chemical process on the simple 
1
H spectrum: depending on the sign 
and magnitude of the axial/ligand D parameter, one will appreciate a different observed 
spectral width relative to the presence (proportional to its molar fraction, see below) or not of 
hydrated complex. In Figure 10 is reported, as example, the case of the aforementioned 
lanthanide Binol derivatives (Shibasaki complexes):  
 
Figure 10. 
1
H NMR spectra reproduction of Li3Eu(Binolate)3 with different water content for 
Aspinall
[18]
 and Walsh.
[17]
 
The assigned 
1
H NMR spectrum of the LiEu derivative is reported in two different papers, one 
by Walsh et al.
[17]
 and the other one by Aspinall et al.,
[18]
 with two relevantly different 
spectral widths. This case is easily explained with the effect of the different water content in 
the NMR samples on the observable D parameter, in fact from Equation 8 follows 
 (1 )obs H axial H ligandD D D     (33) 
where H is the molar fraction of hydrated complex. In addition, Europium complexes 
(middle part of the series) are usually partially hydrated and they often fall between two 
extremes, like Praseodymium (fully hydrated) or Ytterbium (fully anhydrous).
[2, 23]
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Another relevant aspect to take into account for chiral lanthanide complexes, is the 
diastereoselection processes in coordination compounds determined by the possibility of 
homochiral (ligand units all with the same absolute configuration) and heterochiral (ligand 
units with different absolute configuration) derivatives for the same complex treating the Ln
3+
 
ion with the racemate of the ligand. These species are in diastereomeric relationship between 
them and, as a consequence, they may be observable with NMR spectroscopy, depending on 
the rate and the position of the equilibrium in the ligand exchange process on the NMR 
timescale (the system must be labile). An illustrative example is the enantiomerization process 
mediated by the heterochiral species for the M3Yb(Binolate)3 heterobimetallic complexes 
studied by Di Bari et al.
[24]
 
 
Scheme 2. Chirality inversion in K3Yb(Binolate)3 complexes (the Binol ligand is simplified).
[24]
 
In Scheme 2 is depicted the chirality inversion process starting from the (R,R,R)-
homochiral species toward the other enatiomeric one, for addition of (S)-Binol, through 
heterochiral complexes; the first step was to confirm that the system is labile in a sample with 
an appreciable amount of free Binol ligand. The 
1
H spectrum is the perfect superimposition of 
the free ligand and the complex signals: adding ligand of opposite chirality, one can 
appreciate the formation of a new paramagnetic species, the heterochiral one, with markedly 
different resonances characterized by line broadness for the dynamic symmetrization process 
undergoing (Figure 11, upper part). In the EXSY spectrum, reported in Figure 11 (lower part), 
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the off diagonal cross peaks highlight the chemical exchange between free ligand (6 - 8 ppm 
zone) and the resonances of all complexes species (the rest of the spectrum) in a slow 
exchange condition.  
 
 
Figure 11. 
1
H NMR spectrum of K3[Yb((R)-Binolate)3] in presence of 1.1 mol equivalent of (S)-Binol 
in d8-THF (above) with A homochiral species and B heterochiral ones (the square brackets are exchange 
relationships). The EXSY (mix=20ms) spectrum (below).
[24]
 
In particular, the presence of heterochiral species in Figure 11 can be pointed out 
examining how each diagonal peak has a pattern of cross peaks between more signals (free 
ligand - homochiral and free ligand - heterochiral species exchanges) as described by Scheme 
2. Analyzing both 1D and 2D spectra in detail it has been found that the heterochiral species 
with a C2 point group symmetry (to be compared with D3 of the homochiral ones) in the 
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potassium derivative has only 6 resonances and not 18 as expected, for a fast exchange regime 
on NMR timescale between the two heterochiral RRS and RSS enantiomers. 
As we have already noticed, it’s not uncommon to detect in the 1H spectrum of a (chiral 
or not) lanthanide complex, the presence of very small amounts, compared to the main 
species, of other coordination compounds (sometimes due to lower symmetry derivatives), 
usually hard to investigate. When structural dynamics are, otherwise, with higher energy 
barriers and kinetically observable at the NMR spectrometer, one may try to comprehend the 
identity of such these isomers (stereoisomers or structure isomers); this is the case of 
lanthanide DOTA-like complexes, derived from the tetrazacycledodecane scaffold (see 
Scheme 1). The presence of two main conformational isomers in LnDOTA was pointed out 
by Brittain and Desreux in 1984
[25]
 with paramagnetic NMR and further investigated by Aime 
et al. in 1992 and 1996
[26, 27]
 (these are the papers with the most important contribution): they 
have been observed by variable temperature spectra and EXSY 2D spectroscopy, and 
identified as different conformers due to the rotation of the acetate arms and the inversion of 
the cyclene ring. These species (once referred to Major and minor forms relatively to their 
respective molar fractions) have been studied by means paramagnetic NMR and associated to 
the RSA (regular square antiprism, major form in LnDOTA) and TSA (twisted square 
antiprism, minor form in LnDOTA) isomers (Figure 12). 
 
Figure 12. RSA and TSA isomers structure in LnDOTA evaluated by paramagnetic NMR. 
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Introducing a stereogenic carbon atom, for example by putting a methyl group on the 
acetate arms, like in LnDOTMA (see Scheme 1), inserts into the structural issues of the 
DOTA scaffold, enantio/diastereomeric relationships that permits to rationalize further 
aspects of the dynamics of the system. Di Bari et al.
[20]
 investigated in detail the YbDOTMA 
derivative through paramagnetic NMR analysis. Figure 13 represents the two basic internal 
degree of freedom that defines the RSA/TSA isomers: the cyclen ring and the acetate side 
arms. The first concerning the conformation of the ring, can assume two forms like ( or 
(, in enantiomeric relationship between them. The other involves the rotation about the 
N - C

 bond of the acetate switching the R (H for DOTA, CH3 for DOTMA) between two 
gauche conformations. This induces a sign change for the coordination polyhedron, that can 
be  or . 
 
Figure 13. Cyclen and side arms conformational features. 
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In addition, the two descriptors can be alike (( or different (( giving rise 
to a diastereomeric pair one less distorted (= 15°) than the other (= 30°). Aime showed 
that the population ratio between these diastereomers varies along the series, and interestingly 
changing Ln ion changes the relative hydrated/anhydrous amount of complex for a specific 
lanthanide, thanks to the different geometrical characteristics of these two isomers. The 
presence of a stereogenic center in DOTMA complicates the equilibrium network, and the 
intrinsic chirality is shown to induce a preference in the distortion of the coordination 
polyhedron (in the YbDOTMA with the all (R) absolute configuration) as shown in Figure 
14. The (and ( are in slow exchange on the NMR timescale, in fact thanks 
again to the EXSY 2D map, one can visualize this process and quantify the dynamic constant 
for the kinetic process.  
 
Figure 14. Network of equilibria in YbDOTMA. 
In Figure 15 is reported the EXSY spectrum for the YbDOTMA with the exchange cross 
peaks between the major and minor form highlighted. 
The paramagnetic NMR analysis allowed Di Bari et al. to make some considerations: it’s 
not possible to discriminate RSA and TSA only on the observation of the proton/carbon 
spectrum, one has to explore different approaches such as some specific NOE effects
[20]
 
(between the acetate proton and one of the cyclene ring) or by measuring and comparing the 
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NIR-ECD (see later on) of the Yb derivative of a modified DOTMA ligand with a fifth 
stereodefinite nitrophenyl arm which locks the conformational equilibra.
[21]
 In the case of the 
DOTMA complexes the evaluation of the solution structure through the PERSEUS routine of 
both the isomers has shown the TSA (major form in this case) and the RSA (the minor one) 
structures and highlighted why the former possess a structure which is less axial accessible to 
water molecules (octacoordinated) than the latter, which possesses a greater axial freedom 
(nonacoorditated). Nevertheless, these assessments have to be evaluated for each DOTA-like 
derivative, because are strictly ligand structure-dependent (e.g. in LnDOTA the early 
lanthanides are TSA and hydrated too). 
 
 
Figure 15. EXSY spectrum of YbDOTMA in D2O (within 280 and 100 ppm). Upper and lower case 
letters refer to the major and minor forms resonances, respectively. 
As last example I will consider the case of the inversion of ethyl groups in a diethyl 
amino moiety of the aforementioned Binolam ligand (see Scheme 1). The 
1
H NMR spectrum 
of lanthanum derivative, immediately reveals that the two ethyl groups attached to the same 
nitrogen atom are non-equivalent: owing to the overall molecular chirality they are 
diastereotopic and apparently, their interconversion based on nitrogen inversion is slow or 
absent (the coordination of the nitrogen atom to the lanthanide is one of the reasons of this 
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phenomenon). The EXSY spectrum features several cross peaks, for example those relating 
the two methyl groups and demonstrates that some exchange takes place. 
 Numerical evaluation through the EXSY-calc routine yields k = 0.25(3) s
-1
, thanks to the 
volumetric integrals of the cross peaks of the spectrum in Figure 16 (above). At the same 
time, a set of variable temperature spectra were collected on the same sample, between 293 K 
and 348 K also shown in Figure 16 (below). There is a marked line broadening at higher 
temperature, however, even at the highest value the spectrum is far from coalescence. 
Nonetheless, one can recognize that at 313 K, line broadening becomes apparent. Applying 
Equation 24, we assess the extent of the parameter W by taking the width difference of the 
central line of one of the two triplets between 318 and 308 K: W = 0.45 Hz. Inserting this 
value and Ti = 318 K, yields G
‡
 = 77.0 KJ·mol
-1
, which is extrapolated at room temperature 
through Eyring equation
****
 and gives as result k = 0.26 s
-1
, which is in agreement with the 
data obtained through EXSY. 
 
Figure 16. EXSY spectrum (expansion, 600 MHz, mix = 1 s) of La Binolam3(OTf)3 at 298 K in 
acetonitrile-d3 (above); expansion of the variable temperature 
1
H spectra of the methyl region (below). 
                                                 
****
 
‡G
B RT
k T
k e
h


 
  
 
with the quantity in parentheses (containing the transmission coefficient, usually 
taken unity, Boltzmann’s and Planck’s constants) is about 6.2·1012 s–1. 
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Ligand Centered ECD 
An organic chromophore is a fragment/s in the organic ligand molecular structure that 
can absorb UV-VIS (200-800 nm considering the near UV) photons, following an electronic 
transition.  
The organic ligands in rare earth coordination chemistry usually possess these functional 
groups, often associated with the donor heteroatoms (O, N or P) or with fragments of the 
ligand scaffold with a more or less extended  electron system, such as conjugated or not 
double/triple bonds and aromatic/heteroaromatic cycles. All these pieces of the ligand 
architecture are characterized, in theory, by sensible electronic transitions that fall in the UV-
VIS range, a region where the lanthanide f-f transitions are practically absent (see the next 
section). In addition, the ligand centered electronic transitions are poorly influenced by the 
metal centered ones in the case of lanthanide complexes for a negligible contact effect (no 
donation/retrodonation phenomena or charge transfer transitions such in the case of d- 
metals): this means that for a chiral non racemic ligand measuring the ECD in the UV-VIS 
range, one may obtain both intra-ligand (configurational/conformational issues) and inter-
ligand information (mutual arrangement in space). Moreover, CD spectroscopy is a fast 
technique and this means that exchange processes will appear always in slow exchange 
respect its timescale (low temperature experiments result useful in this context). Together 
with the NMR investigation already exposed the LC-ECD spectroscopy (and others still to 
examine) can depict an almost complete picture of the system. 
Electric, magnetic transition moments and rotational strength 
Let’s examine briefly the “organic chemist view” on the concepts of electronic transition 
and electric/magnetic dipole transition moments in an organic chromophore. An excellent and 
clear examination of these issues was done by Snatzke
[28]
 starting from the UV light-electron 
cloud interaction to an empirical (but theoretically solid) evaluation of the magnitude of the 
rotational strength of a transition, with some help from the point groups symmetry theory. 
A beam of linearly polarized light with its oscillating electric field determines in a 
molecule the consequent oscillation of its constitutive particles, the positive nucleus and the 
negative electrons, in opposite directions. With the UV-VIS light (< 1000 nm), while the 
nuclei are too heavy and don’t oscillate significantly, the electron cloud exerts a polarization 
phenomenon along the direction of the electric field E in a totally “elastic” manner, that is, 
the photon goes into the molecule, it determines the polarization of the electron cloud, and – 
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after a short while – it comes out with no loss of intensity. The successive step is when the 
photon possess an energy that matches the difference between the ground and an excited 
molecular eigenstate, then its energy determines a transition to the excited one. The coming 
back processes (the radiative ones will be discussed in detail in the last section of the chapter) 
follow different possible paths, from a decay into thermal energy to the emission as light 
(fluorescence and phosphorescence), to bond rearrangement (photochemistry). 
During an electronic transition, the electron cloud is rearranged from its ground state 
distribution into that of an excited one, and this may be associated with a shift and/or a 
rotation of electron charge. The direction and the magnitude of such a shift can be described 
by an electric dipole transition moment (edtm) ij , for the jump of one electron from 
molecular orbital i to the j one. The magnitude of an absorption band (A) characterized by an 
max at a single max can be measured as the area under the whole band (in the 1-2 interval) 
weighted by the wavelength (Equation 34). 
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The integrated absorption A is proportional to the dipole strength D0a of the transition 
0→a between the ground (“0”) and an excited state (“a”) which is the square of the electric 
dipole transition moment (Equation 25). 
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 (35) 
Direction and magnitude of the edtm are two parameters playing a fundamental role in 
determining the chiroptical properties of a (organic) chromophore in a molecule. Let’s 
examine a simple recipe to evaluate these aspects, starting from the electric dipole transition 
moment toward the magnetic one and concluding with consideration on the rotational strength 
(if this transition is CD active). 
If one can roughly estimate the molecular orbitals involved in a electronic transition of a 
simple chromophore, a recipe to understand if this electronic transition has an overall dipole 
character is the following: 
                                                 
††††
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1. Identify the orbitals i and j. 
2. Formally multiply (like in an algebraic product) these orbitals and determine the 
sign of their product. 
3. Inver the signs.‡‡‡‡ 
4. If the resulting transition charge distribution (multipole) obtained has an overall 
electric dipole character, then this define a ij . 
Taking as example a molecule of formaldehyde let’s examine its fundamental singlet → 
singlet electronic transitions (Figure 17): * * *,n n and      . 
For the *  transition the two MOs are resolved in the constitutive p atomic orbitals, 
ignoring the higher electronegativity of the oxygen respect to the carbon atom. The signs 
choice is arbitrary, but with consistency between different MOs. Following the 4 steps 
above,
§§§§
 this transition possess a * directed along the C-O bond from the plus transition 
charge to the minus one, in a typical dipole representation. Considering the perfect overlap 
between these two MOs, the transition dipole obtained is very large with a consequently large 
extinction coefficient (approximately 10
4
). 
Applying the same recipe for the 
*n  transition, and considering the n MO as fully 
localized on the oxygen atom, it’s obvious how the *n  product has no component around C 
(one has to multiply the n lobes with the ones on the oxygen of the other MO). For symmetry 
reasons, the result is a quadrupole with center of gravity on the O atom that determines a 
0ij  . Experimentally this transition has a very small extinction, 20  . The last transition 
taken into account is the 
*n  one, just below 200 nm, in which the * MO is distributed 
exclusively along the C-O bond. Following the recipe again the overlap is limited on the 
oxygen (in a not symmetric fashion), with a transition charge distribution factorizable into the 
sum of a quadrupole and a dipole that determines the *n , which lies in the carbonyl plane 
perpendicular to the C-O bond. The magnitude should be of only medium size because of less 
overlap and partial compensation (
310  ). 
                                                 
‡‡‡‡
 This step is superfluous in explaining a UV band, but is essential for the CD spectrum, it arises from 
the definition of CD as L R     and not vice versa.  
§§§§
 The multiplication step consists in the algebraic product between the signs of the lobes of the two 
interested MOs that possess an overlap in the considered transition process. 
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Figure 17. MOs in the case of formaldehyde and determination of the electric dipole transition 
moment for the 
* * *,n n and       transitions. 
While with the aforementioned recipe one can evaluate the direction and an approximate 
magnitude of the 0a , in extended chromophoric systems an approach based on group theory 
usually helps to determinate if a transition is allowed or not (and CD active), but it doesn’t 
give any hints on the magnitude of  . 
We can take again as first example formaldehyde and examine its three transitions using 
this group theory approach (Figure 18). 
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Figure 18. Formaldehyde symmetry point group for the analysis of its electronic transitions. 
As usual ij  
can be calculated as 
 
ij i je r d     (36) 
where r  is a vector with components (x, y, z) and we can rearrange Equation 36 into Equation 
37. 
  ij i je r d     (37) 
Any such integrals over space is nonzero only when the integrand is totally symmetric; 
that is, the character for each operation must be +1, or in other “words” 
 1i j r      (38) 
We may, therefore, first determine the irreducible representation (IR) of both the MOs of 
Equation 36-37 and their product must give the same IR as that of r , since only then will the 
product of these latter two gives the totally symmetric IR 1 . Let’s examine formaldehyde 
transitions with this approach, with the help of Figure 17 for the shape of the MOs and Figure 
18 for the comprehension of the symmetry operations in C2v of these orbitals: 
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1. The *  transition has both MOs belonging to b1 IR of C2v
*****
and the product 
1 1 1b b a  following the product table in Figure 18: this transition has an a1 
symmetry character for this point group and it’s electrically allowed and 
polarized along the C-O bond as already predicted with the previous approach 
(Figure 17). 
2. The *n  transition has the n MO with b2 symmetry and the other one b1, then 
2 1 2b b a  , this means that the transition is not electrically allowed (but it is 
magnetically allowed, see later on). 
3. The *n  transition has again the n MO as b2 and the 
*  as a1 (all the 
operations are symmetric for this MO) and the product of these two MOs result 
2 1 2b a b  . Then this transition is electrically allowed and polarized along the y 
axis. 
This approach is commonly very quick and straightforward, one can use the other for 
estimating the intensity of the considered transitions. 
Until now I have put aside the vibrational levels for both the electronic ground and 
excited state of a transition; but a vertical excitation may lead to different vibrational levels of 
the electronic excited state and that has to be taken into account in a certain way. 
 
0 0 0m k m mle r d       (39) 
In Equation 39 I am considering an electronic transition between 0 and m electronic 
states characterized by several vibrational ones here represented by the wave functions 0k for 
the ground level and ml for the excited one. At room temperature most of the molecules are 
in the ground vibrational state, which is always totally symmetric. Then, we can neglect 0k
and the condition of the non-vanishing electric dipole transition moment with the contribution 
of the vibrational states becomes: 
                                                 
*****
 Simply one considers the shape of these two orbitals and put them in the C2v situation, the C2 axis 
inverts the sign of the lobes as the v’ plane (antisymmetric, -1), otherwise these MOs are symmetric for the v 
operation (+1). 
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 0 ,( ) ( ) ( ) ( ) ( ) ( )m m l x or y or z          (40) 
This means that certain non-totally symmetric vibrations may change the symmetry of 
the integrand of Equation 39. Since several vibronic (electronically plus vibrationally excited) 
levels can be reached from the ground state, actually not only one single line is observed, but 
a whole series, in particular electric dipole forbidden bands usually show more extensive fine 
structure than the allowed ones. Herzberg and Teller show what conditions must be fulfilled 
so that a forbidden transition can “steal” intensity from an allowed one: if a transition 
0 jS S is allowed and 0 iS S forbidden, then this last one can steal intensity from the 
former if there exists a vibration normal mode such that one single quantum which connects Si 
and Sj. As example, the formaldehyde 
*n  transition is electrically forbidden (a2) and the 
normal vibrations are three of species a1, one b1 and two b2 (Figure 19); while the 
* 
transition (a1) cannot help the 
*n  to gain intensity because there is no normal mode of 
kind 
2 1 2a a a  , otherwise, the weaker
*n  (b2) fits perfectly because 2 2 1a b b  that will 
meet the Herzberg-Teller (HT) condition. Most electric dipole forbidden transitions become 
apparent by the HT mechanism. 
 
Figure 19. Normal vibrations of formaldehyde. 
While absorption spectroscopy considers only the translation of electric charges during 
the transition, in the context of CD charge rotation also plays an important role. A rotation of 
electronic charge in the path from ground to excited levels during the excitation process may 
create a magnetic dipole moment m . To evaluate if an electronic transition determines a 
magnetic moment, one has to identify the MOs involved and follow the rotation of electronic 
charge with the right hand through the smaller of the two possible angle (choose one sign of 
the MO as reference). If this angle is different than 180° the transition possess a magnetic 
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moment, the thumb gives the direction and the magnitude is maximum for a 90° rotation. 
Coming back again to the formaldehyde electronic transitions, depicted in Figure 18, it’s easy 
to figure out that the *  transition defines a rotation of 180° from one MO to the other, 
then 0m  ; in the *n  case the n MO rotates by 90° to reach * and the magnetic moment 
is along the C2 axis (in fact the a2 transition in C2v is magnetically allowed). For the 
*n 
transition one can observe a rotation of 90° of the n MO around the axis perpendicular to the 
C-O bond, again this defines a non zero magnetic moment (again a b2 transition in C2v is 
magnetically allowed). 
Let us go back to Equation 14, which defines the rotational strength, to add some 
important and conclusive details: while the theoretical expression of   gives a real vector, 
m is purely imaginary, that is it describes a rotation in the coordinate system of complex 
numbers, and their product is imaginary, in fact another definition can be the following  
    0 0 0 00 0 cos( , )a a a aR i a a m R m m         (41) 
the term within the brackets is the scalar product of the two moments. From this last 
relationship results that there are three conditions under which R may be zero: 
1. No electric transition moment is associated with the transition in question; 
2. No magnetic transition moment is created; 
3. Both exist, but they are perpendicular to each other. 
Referring again to the three transitions of the carbonyl chromophore, the point 1 is 
exemplified by the 
*n  transition, point 2 by the *  transition and case 3 by the 
*n  one, that is obvious because the C=O chromophore is inherently achiral and no CE 
(Cotton effect) can be associated with any transition of this system, as long as it is not chirally 
perturbed by its environment.
†††††
  
The other important consequence in Equation 41 is that, while both   and m are 
unsigned quantities, the cos(  , m ) is positive for angles < 90°, but negative for angles > 90°. 
This means that the sign of the CD is determined by the relative arrangement of these two 
vectors and identifying both the MOs of the chromophore and applying the aforementioned 
                                                 
†††††
 In chiroptical spectroscopy an achiral chromophore may be perturbed by other chiral spheres of higher 
level, e.g. in remote chiral centers and the overall coordination polyhedron in a lanthanide complex. 
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recipes for   and m , one can evaluate the sign of the Cotton effect relative to an electronic 
transition. Again, point group theory is a very useful tool in this kind of analysis, I will come 
back on this approach for the metal centered electronic transitions in the next section of this 
chapter. 
 
Figure 20. Common organic chromophores, the black arrows are the electric transitions moments 
and the grey ones are the magnetic transition moments. 
In Figure 20 are reported as example some common organic chromophores with 
highlighted their electric/magnetic transition moments: using the carbonyl chromophore as 
main example in these last pages is not unintentional, in fact it is one of the most common 
functional group/ligand fragment in lanthanide coordination chemistry. 
Exciton Coupling and DeVoe method 
In a molecular architecture like a chiral lanthanide complex, the spatial vicinity of the 
ligand units determines particular inter-ligand electrostatic interactions which are commonly 
CD observable. These interactions are usually the predominant source of optical activity in 
the UV-VIS wavelength range and they are characterized by a Coulombic coupling between 
allowed transitions of chromophores in the individual ligand units. These inter-chromophoric 
interactions are the base of the exciton coupling phenomenon: the transition dipoles of two or 
more chiral chromophores, located near in space in a chiral orientation in the same or in 
different molecules, may interact arising large rotational strength, usually overwhelming the 
CD determined by the simple perturbation of each chromophore as a result of the chiral 
skeleton in the surrounding molecular environment. 
The most intense phenomena are observed when the interacting chromophores possess 
strong electric-dipole moments; considering the case of two equal chromophores, exciton 
coupling determines the splitting of the two otherwise degenerate excited states by a quantity 
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called Davydov splitting.
[29, 30]
 The process is depicted in Figure 21, where it is also shown 
how the coupling phenomenon is appreciable either in absorption, with a band that is the sum 
of the two transitions ones, and in the ECD spectra with a sequence of two bands of opposite 
sign, called CD couplet.  
 
Figure 21. Splitting of the excited states of two equal chromophores in an exciton coupling process 
(left) and expected absorption and ECD spectra (right). 
With reference to Figure 21, 2V12 corresponds to the Davydov splitting and it can be 
approximated to a Coulomb dipole-dipole interaction potential (Equation 42) 
 1 212 1 2 1 12 2 123
12
3( )( )V e e e e e e
r
 
        (42) 
where the dipole i i ie   (i = 1, 2) is written as the product of a scalar ( i ) representing the 
intensity and a unit vector ( ie ) and 12r is the distance between the two dipoles. This 
phenomenon can be described as the interaction between one dipole transition moment and 
the magnetic field generated by the other dipole at the end of the 12r vector; as a result, a 
bisignate CD couplet is generated (Figure 21) and it is determined by the expression: 
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2 2
1 2
0 12 12 1 2 0 2
12
( ) ( , ) ( , ) ( , , )V r
r
 
                   (43) 
then, the CD depends on the quadruple product 12 12 1 2V r    , that can be factorized into a 
scalar term ( represents the dispersive couplet shape) and a geometric term  . 
It seems evident that for two like transitions CD depends directly on the fourth power of 
the dipole strength (the square of the extinction coefficient) and inversely on the square of the 
inter-chromophoric distance. In addition, considering two non degenerate chromophores, the 
coupling interaction is also directly influenced by the transition frequency separation (the 
energy difference). Very intense CD couplets arise when strong chromophores are near in 
space and close in energy: then it is easy to expect that, with more than one chromophores in 
the same ligand unit, an intra-ligand exciton coupling interaction is predominant in the ECD 
spectrum respect an inter-ligand one. The sign of the couplet (determined by the sign of the 
component at long wavelength) is also related to the mutual orientation of the coupled 
chromophores expressed by the   term, which depends on geometrical issues as 
configurations and conformations, is related to the three angles shown in Figure 21.  
Quantitative analysis of the LC-ECD in chiral lanthanide compounds with chromophoric 
ligands may provide valuable structural information, but it is a underestimated tool, above all 
considering that the presence of strong chromophores in the chiral ligand is a common 
situation nowadays. 
In Figure 22 are reported two literature examples: a macrocyclic ligand extensively 
studied in 2011 by Lisowsky
[31]
 derived from the condensation of the chiral diamino 
cyclohexane together with a symmetric diformyl pyridine compound, and the already cited 
Binolam ligand. In the first example the couplet at higher wavelength arises from the coupling 
between the two imine chromophores conjugated with the pyridine molecule; in the other 
example, the LC-ECD spectrum of the Binolam complexes
[14]
 is fully determined by the 
exciton coupling between the long axis transitions of the naphthoate chromophore
‡‡‡‡‡
 (intra 
and inter-ligand coupling) of the binaphthol moieties. 
                                                 
‡‡‡‡‡
 , where 
1
Lb (1) is located at 352 nm, 
1
La (2) 284 nm, 
1
Bb (3) 241 nm 
provides the most prominent features in the exciton coupled CD together with the 
1
Ba (4) 211 nm. 
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Figure 22. LC-ECD spectrum of the macrocycle designed by Lisowsky (up) and of the Binolam 
complex (down, the PERSEUS structure is reported). In both cases the exciton coupling phenomenon is 
highlighted. 
Moreover in the last example, it has been demonstrated that there is a strong connection 
between dihedral angle between the two naphthalene units and the ECD couplet parameters of 
the binaphthyl chromophore; this was pointed out and studied in detail by Di Bari et al.
[32]
 
using a non-QM approach, that is faster and easier to apply, based on the coupled oscillators 
approximation developed by DeVoe:
[33, 34]
 it describes the interaction between electric dipole 
transitions on distinct chromophores via mutual perturbation with a classical Coulombian 
description (by extending Equation 42 and 43 to more than 2 interacting chromophores).  
Each transition is characterized by a complex electronic polarizability, 0 ( )i  , that upon 
experiencing a local electric field 
local
E  gives rise to an induced moment 0 ( )iM   
 0 0 0 0( ) ( ) ( ) ( )
local
i i i i i ij jj
M E e E e G M            
   (44) 
where the local field is the sum of the electromagnetic radiation field and of the contributions 
arising from all the other chromophores 
0 ( )jM  , for the mutual perturbation: the j-th 
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oscillator determines a dipolar field, whose effect on the i-th transition is quantified by the 
term Gij through a point dipole interaction (obviously Gii = 0). 
The resolution of the problem consists in the inversion of a matrix 
 
1
1( ) ( )A G  

     (45) 
The ECD arises from two contribution: the interactions between electric dipoles located on 
different oscillators and the coupling of electric and magnetic transition dipole moments. 
The DeVoe approach suffers from an important limitation, that is intrinsic with the 
theoretical treatment: when the dipole approximation is poor, for example for closely spaced 
oscillators or for extended chromophores, this method may fail, or it can be source of not 
negligible errors, but the low computational cost of this approach is undoubted; for this reason 
it has been used especially for large molecular systems (biomolecules) where QM methods 
are highly time consuming. 
Werner Hug translated the DeVoe method in a Fortran routine, requiring the following 
parameters as input: 
 Electric transition dipole moments amplitudes; 
 Half-height line widths; 
 Directions of the electric and magnetic transition dipole moments; 
 Locations of the electric and magnetic transition dipoles (the barycentre). 
The last two parameters are inserted with the aid of a input structure (for a chiral 
lanthanide complex one may use the PERSEUS structure, when available), to specify 
directions of the moments and their locations, while the other two parameters can be taken 
from the literature, from computations or from the analysis of experimental data of individual 
chromophores. As output, the absorption and ECD spectra arising from the coupling are 
provided, together with the matrix G which measures the strength of couplings of the various 
transitions. 
As I mentioned, the effect of the dihedral angle between the two naphthalene units on the 
exciton coupling of the binaphthyls chromophore is an example fruitfully studied with the 
DeVoe method with the aid of Hug’s routine.[32] 
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As reported in Figure 23 (up), Di Bari et al. calculated the dependence of the overall CD 
couplet shape on the dihedral angle  between the two naphthalene planes. This calculated 
Davydov splitting was compared with experimental data for several 1,1’-binaphthyl 
derivatives (some of them with the X atoms belonging to a further cycle that imposes 
additional constraints) to provide semi-quantitative information about their stereochemical 
arrangement. 
 
Figure 23. DeVoe calculation of the ECD couplet for the 1,1’-binaphthyl chromophore at different  
angles (up); DeVoe calculation of the ECD spectrum for the Ln Binolam complex starting from the 
PERSEUS optimized structure (down). 
Since the DeVoe method well describes the solution geometry of the 1,1’-binaphthyl 
system, the choice to independently validate the PERSEUS structure of the Binolam 
complexes
[14]
 with the LC-ECD spectrum calculation seemed logical. Comparing the 
experimental spectrum (Figure 22 down) with the calculated one of Figure 23 (down) the 
result is excellent: it is evident how well the DeVoe method reproduces the experiments, also 
with an high level of detail (for all the transitions considered in the ‡‡‡‡‡ footnote); 
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moreover, both intra- and inter-ligand transition interactions have a large weight in the final 
shape of the ECD spectrum, and then all of them have to be considered in the calculation. 
In conclusion, the good agreement between the LC-ECD spectra along the rare earth 
series for a specific complex is an additional observation window on the isostructurality of the 
system under exam; moreover, the comparison of calculated (DeVoe) and experimental LC-
ECD spectrum is a NMR-independent validation of the PERSEUS structure; this also 
highlights the versatility of the chiroptical techniques and their high sensitivity to geometrical 
issues, obviously thanks to the presence of chromophores in the molecular chiral 
environment. 
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Metal Centered ECD 
In this section let’s focus on the spectroscopic properties of lanthanide trivalent ions in 
chiral organic complexes: after some basic notions, I shall consider what one can extrapolate 
from the analysis of the f-f electronic transitions centered on the Ln
3+
 and how the ligand and 
the symmetry of its spatial arrangement perturbs and participates to these MC-electronic 
transitions. 
The f-f electronic transitions and optical activity 
A complete and detailed treatment of this argument can be found in the two Wybourne’s 
books
[35, 36]
 from a full theoretical point of view, while aspects of the optical activity problem 
in chiral lanthanide complexes was studied extensively by Richardson
[37]
 who classified the 
lanthanide electronic transitions from a chiroptical point of view (also reviewed in the 2005 
by Di Bari
[3]
). 
The 4f electrons of lanthanide elements can be placed in any 4f orbital except for La
3+
 
(empty) and Lu
3+
 (full) and this results in various spectral terms and energy levels for 
lanthanide trivalent ions. For example, Praseodymium has 41 energy levels for the 4f 
3
, 6s
2
 
configuration, 500 energy levels for the 4f 
3
, 6s
1
, 6p
1
 configuration, 100 energy levels for the 
4f 
2
, 5d
1
, 6s
2
 configuration, 750 energy levels for the 4f 
3
, 5d
1
, 6s
1
 configuration, and 1700 
energy levels for the 4f 
3
, 5d
2
 configuration. Gadolinium has 3106 energy levels for the 4f 
7
, 
5d
1
, 6s
2
 configuration while its excited state 4f 
7
, 5d
1
, 6s
1
, 6p
1
 has over 36 000 energy levels!  
However, because of selection rule constraints, many transitions are forbidden and the 
number of spectral lines is far less than one would naively expect. Lanthanide f-electrons 
undergo processes of coupling between their intrinsic properties (as angular moment and 
spin), determining a first source of degeneracy lifting between electronic states, followed (in 
terms of relative magnitude) by the CFS, which depends also on the symmetry of the 
complex. Experiment and theory demonstrate that only transitions that satisfy the following 
rules are allowed: 
1. For L-S coupling (so-called Russell-Saunders coupling), which combines the s of 
every electron to get S, and combine the l of every electron to obtain L initially and 
finally to combine S and L to get J: 
ΔS = 0; 
ΔL = ±1; 
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ΔJ = 0, ±1 (except 0→0); 
ΔMj = 0, ±1 (for ΔJ =0, except 0→0). 
2. For j-j coupling, which is firstly to combine s and l for every electron to obtain j, and 
then get the total angular quantum number J through j-j coupling:  
Δj = 0, ±1 (for the transition electron only), Δj = 0 (for the rest of the electrons); 
ΔJ = 0, ±1 (except 0→0); 
ΔMj = 0, ±1 (for ΔJ = 0, except 0→0). 
Table 2. Electronic configurations and spectral terms of trivalent lanthanide ions in the ground state. Δ is 
the energy difference between the ground state and the first J multiplet. 
  Magnetic quantum number of 4f orbital      
Ion 4f
n 
3 2 1 0 -1 -2 -3 L S J 
Ground 
state 
spectral term 
 
Δ (cm-1) 
           J = L - S   
La
3+
 0        0 0 0 
1
S0 
 
Ce
3+
 1 ↑       3 1/2 5/2 
2
F5/2 2200
 
Pr
3+
 2 ↑ ↑      5 1 4 
3
H4 2150
 
Nd
3+
 3 ↑ ↑ ↑     6 3/2 9/2 
4
I9/2 1900
 
Pr
3+
 4 ↑ ↑ ↑ ↑    6 2 4 
5
I4 1600
 
Sm
3+
 5 ↑ ↑ ↑ ↑ ↑   5 5/2 5/2 
6
H5/2 1000
 
Eu
3+
 6 ↑ ↑ ↑ ↑ ↑ ↑  3 3 0 
7
F0 350
 
           J = L + S   
Gd
3+
 7 ↑ ↑ ↑ ↑ ↑ ↑ ↑ 0 7/2 7/2 
8
S7/2 
 
Tb
3+
 8 ↑↓ ↑ ↑ ↑ ↑ ↑ ↑ 3 3 6 
7
F6 2000
 
Dy
3+
 9 ↑↓ ↑↓ ↑ ↑ ↑ ↑ ↑ 5 5/2 15/2 
6
H15/2 3300
 
Ho
3+
 10 ↑↓ ↑↓ ↑↓ ↑ ↑ ↑ ↑ 6 2 8 
5
I8 5200
 
Er
3+
 11 ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑ ↑ 6 3/2 15/2 
4
I15/2 6500
 
Tm
3+
 12 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑ 5 1 6 
3
H6 8300
 
Yb
3+
 13 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ 3 1/2 7/2 
2
F7/2 10 300
 
Lu
3+
 14 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ 0 0 0 
1
S0 
 
 
Table 2 reports the filling of the 4f orbitals along the lanthanide series for the Ln
3+ 
ions 
with the different values of L and S, the relative total angular momentum quantum number J, 
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the ground state spectral term
§§§§§
 and the Δ parameter which represents the energy difference 
between the ground state and the J multiplet that lies right above the ground state. 
 
Figure 24. The energy level diagram for trivalent lanthanide ions (taken from Lasers and Excited 
States of Rare Earths, © 1977, p. 93, R. Reisfeld, and C.K. Jorgensen, Springer-Verlag, Berlin). 
                                                 
§§§§§
 The spectral term symbols are defined as follow: 
2S+1
LJ, the value of L is indicated by S, P, D, F, G, H, 
and I for L = 0, 1, 2, 3, 4, 5, and 6, respectively; the number on the top left represents the multiplicity of the 
spectral term. It equals 2S +1.  
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In Figure 24 are depicted the Ln
3+
 energy levels (ground and excited states): in such a 
complex picture, it appears evident how the crystal field splitting (CFS), may complicate the 
situation, by lifting the degeneracy of each J-state. Usually, owing to the weak interaction 
between f electrons and ligands, the CFS is of the order of 10-1000 cm
-1
, but thanks to the 
small linewidth of absorption (emission) lines, these multiplets are often well resolved and 
rich of interesting information. 
Moreover, one can appreciate that Sm
3+
 and Eu
3+
 are the rare earth with a manifold of 
low lying electronic (excited) states, LLES (the lowest in the series), but the other lanthanides 
don’t fall too far. In the case of transition metals, the presence and the contribution of LLES 
to ligand centered transitions, especially on enhanced VCD bands, it has been reported and 
rationalized;
[38-41]
 we have observed, at first sight, an analogue phenomenon for the rare earth 
ions, but while for transition metals the presence of LLES and their energy match with the 
ligand vibrational states result as two key points, in the case of lanthanides we have pointed 
out (see the Results part) that things are quite different: firstly is a shape/sign conserving 
enhancement from a paramagnetic Ln
3+
 to another, in respect to the shape and sign 
incoherence of the transition metal phenomenon; moreover, either in the CD (CPL) or in the 
VCD context, ligand and lanthanide ion transitions may interact, irrespective to the presence 
of LLES, and the symmetry of either the LC- and the MC-transition plays a decisive role. 
The extinction coefficients of f-f transitions are very small, because in the purely 
intraconfigurational version they are Laporte forbidden, in fact most Ln
3+
 salts and 
compounds are colorless or display pale hues. The ways to bypass this relevant 
“inconvenient” will be illustrated later on. 
Richardson in its seminal work
[37]
 classified the lanthanide electronic transitions in three 
classes: the E class characterized by high electric dipole strength (Equation 35) and then high 
absorption and emission intensity, the R class with high rotational strength (high CD and CPL 
intensities) and the D class with high dissymmetry factors (g, see below).  
The latter two classes are bound to CD/CPL activity in a markedly different way: 
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 

 (46) 
 
( ) / 2
L R
lum
L R
I II
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I I I

 

 (47) 
Equation 46 and Equation 47 define the dissymmetry factor respectively for absorption and 
emission; considering Equation 35 and 41 one can write for a generic transition a b  
 ( ) 4 4 cos( , )
ba
ab
ab ab
mR
g a b m
D


    (48) 
this with the 
2
ab abD  approximation (Equation 48 is valid either in absorption and in 
emission). The value of cos( , )m depends on the geometry of the system, and it is the sole 
responsible for the sign of g, whose magnitude relies also on the relative magnetic- and 
electric dipole moments magnitude. The CD/CPL intensity of a transition a b will be 
determined by the magnitude of Rab, i.e. on the product between the amplitudes of the 
electric- and magnetic dipole moments of the transition, and by cos( , )m . Then, to gain large 
dissymmetry factors a transition needs to be magnetic dipole allowed and electric dipole 
forbidden (to low order); on the contrary, large CD/CPL intensities will be exhibited by 
transitions which are both electric dipole and magnetic dipole allowed. These are two very 
different situations. 
The transitions that possess high rotational strengths (high CD/CPL intensity), easiest to 
measure and study, belong to the RI class (Table 3). 
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Table 3. RI class electronic transitions with high rotational strength. 
Ion Transition Appr. Wavelength (nm) 
Ce
3+ 2F5/2→
2
F7/2 4760 
Pr
3+ 3H4→
3
H5 4650 
Nd
3+ 4I9/2→
4
I11/2 5000 
Pm
3+ 5I4→
5
I5 6250 
Sm
3+ 6H5/2→
6
H7/2 7140 
Eu
3+ 7F1→
7
F2 9090 
Tb
3+ 7F6→
7
F5 4760 
Dy
3+ 6H15/2→
6
H13/2 2860 
Ho
3+ 5I8→
5
I7 2000 
Er
3+ 4I15/2→
4
I13/2 1560 
Tm
3+ 3H6→
4
H5 1720 
Yb
3+ 2F7/2→
2
F5/2 1000 
 
Static and dynamic coupling mechanisms 
Without any perturbation or orbital mixing, all the f-f lanthanide electronic transitions 
(magnetically allowed with quadrupolar character) are electric dipole forbidden, 0L  , and 
they must “steal” intensity from the surroundings. There are two main processes which permit 
to a lanthanide electronic transition to gain electric dipole character and hence rotational 
strength: the static coupling and the dynamic coupling (or ligand polarization) mechanisms. 
These theories have been applied for the interpretation of the electrically forbidden 
*n  transition of the carbonyl chromophore[42-45] via both orbital mixing on the oxygen 
atom (static coupling) and electric dipole induction on the substituents by the magnetic 
moments of the carbonyl chromophore (dynamic coupling). 
The probabilities of the f-f transitions are sensitive to the stereochemistry and to the 
polarizability of the ligand groups in the molecular environment of the chromophore. Over a 
series of compounds containing a common chromophore, the oscillator strength of a given 
0L  transition is found to cover a range of more than two orders of magnitude, dependent 
upon the symmetry of the ligand array and the electronic softness of the ligand groups. For 
chiral complexes, the rotational strengths of the 0L  transitions are even more sensitive to 
the particular location and to the polarizability of the ligand groups in the molecular 
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environment of the chromophore. Electronic transitions which are very sensitive to the first 
coordination sphere are referred to as hypersensitive. 
Let’s illustrate the main features of these processes with a corresponding literature 
example. 
Static coupling. This approach follows the development of the one-electron theory
[46]
 that 
postulates the mixing of the 0L  with 1L   electronic transitions at different energy of 
the chromophore under a static dissymmetric field due to the ligand groups (arising from the 
ground state charge distribution of the ligands). For a purely Ln
3+
-centered transition, in order 
to gain 0ab  , the 4f orbitals mix with other orbitals, usually with 4f 
N-1
5d or 4f 
N-1
ng 
configurations, to obtain odd-parity states.
[37]
  
This is made possible by the presence of the dissymmetric ligand field through the so-
called static coupling mechanism, where the interconfigurational interactions are of the kind 
odd-parity (lanthanide) multipole-point charge (ligand) interactions. 
The “effective” 4f-electron Hamiltonian operator for an optically active lanthanide 
complex can be considered as the sum of the contribution of the free ion with the one of the 
crystal field. 
 4 4 4( ) ( )f f fH H free ion H cf   (49) 
These two terms can be further partitioned into: 
 4 4( ) ( )f f SOH free ion H SLJ H   (50) 
 4 ( )f g uH cf V V   (51) 
The free ion term describes the f-electrons manifold and their interactions with the 
nucleus with two contributions (both are diagonal in J but only the first diagonal in S and L), 
where the second one contains the spin orbit coupling. The crystal field term can be divided 
into two contributions (gerade and ungerade under the inversion operator): Vg manages the J-J 
mixing and the J level (crystal field) splittings operating only within the 4f-electron manifold 
of states, while the Vu operator is an interconfigurational operator effective in mixing 4f-
electron states with states of opposite parity. It is responsible for gaining electric dipole 
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intensity in the lanthanide 4f-4f transitions through the static coupling mechanism. To a very 
good approximation one can assume HSO >> Vg > Vu.  
Using these three terms as perturbation operators, Richardson classified the lanthanide 
transitions, considering what type of perturbation a specific transition requires to produce 
non-vanishing magnetic/electric dipole moments. As I have just pointed out Vu is fundamental 
to gain electric dipole strength in every transition (to break the Laporte forbiddeness of the 4f-
4f transitions), in particular for the RI class (Table 3) where Vu is the only perturbation term.  
A fruitful analogy to grasp the meaning of static coupling, is with the concept of 
intrinsically chiral chromophore: this comparison indentifies the whole chiral coordination 
sphere of the lanthanide complex as the core where the radiation or the emission takes 
place.
[29]
 
An interesting example of static coupling process (a common situation in chiral 
lanthanide complexes) can be found in Yb DOTMA:
[20, 25, 47]
 the major form is characterized 
by a chiral TSA (twisted square antiprism) polyhedron (Figure 14); in addition, this system 
doesn’t possess significant organic chromophores, then one may consider Ln DOTMA as an 
intrinsically chiral lanthanide chromophore with perturbing polarizable groups (the donor 
atoms are the four nitrogen in the cyclen macrocycle and four carboxylate oxygen atoms on 
the pendant arms). 
As one can appreciate from Table 3, Yb
3+
 possesses a very useful and diagnostic 
transition (
2
F7/2→
2
F5/2) in the NIR range of the electromagnetic spectrum, usually reachable 
by some commercial ECD instrument (see the last part of this section for other details). This 
transition is full of interesting structural/electronic details and may highlight, after a 
rationalization of the spectrum, important aspects on the chirality of the polyhedron to 
compare with the PERSEUS structure. The NIR-ECD spectrum of Yb DOTMA (Figure 25) is 
composed of a manifold of positive and negative Cotton effects, and appears immediately 
evident that the sum rule (see the chiroptical spectroscopy section) is closely followed, in fact 
the integral over the whole ECD multiplet is practically zero.  
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Figure 25. Absorption and ECD spectra of Yb DOTMA
[47]
 with the relative assignment of each 
transition in C4 symmetry. 
Di Bari et al. proposed an assignment of the manifold of transitions in Yb DOTMA by 
means of variable temperature NIR-ECD spectra, considering which 
k
qB  parameter of the 
crystal field Hamiltonian mainly affects the energy levels of both ground and excited state in 
C4 symmetry
******
, using as comparison the NIR absorption spectrum of the Yb DOTA (the 
achiral ligand counterpart).  
The static coupling mechanism can be considered responsible for this spectrum 
examining the 
2
F7/2→
2
F5/2 transition of the Yb
3+
 derivative (for example) and comparing this 
observation with the chirality of the coordination polyhedron of the PERSEUS structure. In 
most cases the paramagnetic NMR-chiroptical techniques connection holds very well, and 
while the first one allows us to determine the solution geometry and then the first 
coordination sphere arrangement, the latter one permits us to evaluate the f-f metal centered 
                                                 
******
 Remember that the magnetic anisotropy parameter D is correlated to the second order crystal field 
parameter 
2
0B . 
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transitions largely sensitive to the closer electrostatic environment (position of the donor 
atoms around Ln
3+
). 
Dynamic coupling (ligand polarization). The dynamic coupling theory (see Mason’s 
book
[29]
 and the papers cited therein)
 
proposes that the leading electric multipole moment of 
the lanthanide transition induces, and couples to, a secondary transient electric transition 
dipole moment in each ligand group. The crystal field theory and its static ligand perturbing 
potential, in several cases of hypersensitive f-f transitions can’t explain this extremely marked 
sensitivity to the ligand environment, where, otherwise, the dynamic coupling succeed. 
Let’s examine this process with the aid of the graphical example of Figure 26: 
 
Figure 26. Dynamic coupling mechanism for two generic -diketonate moieties. 
Two -diketonate moieties are coordinated to a central Ln3+ ion, the latter is characterized by 
a transition with quadrupolar nature – four lobes with opposite signs of electron density. This 
f-f transition (of E symmetry) possesses a magnetic transition moment along the y axis (the 
signs arrangement of the quadrupole as the direction of Lnm  have been chosen arbitrarily); the 
core of the dynamic coupling mechanism is the polarization effect of this quadrupole on the 
electric dipole moments of the ligand-centered electronic transitions. In this example, the -
diketonate chromophores possess a -* transition and the relative electric dipole moments lie 
in the O=C–C–C=O plane. The two ligand units in Figure 26 are depicted in such a way that 
with two analogue further units they would describe an achiral regular square antiprism 
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(RSA); in particular I have represented the low energy anti-phase situation, with the two 
electric dipole moments directed in opposite directions: considering the from plus to minus 
direction of each ligand edtm, they will interact with the quadrupole in a constructive fashion 
(the in-phase otherwise doesn’t give a constructive interaction). 
The dynamic coupling consists in the polarization of each electric dipole moment: in this 
case, one can decompose the ligand edtm along two directions, one collinear to the lanthanide 
mdtm and one orthogonal to it. The latter ones are directed alternatively to the z and -z axis 
for the two ligands and cancel out, while the former components are coherent, they determine 
a transient induced electric dipole moment polarized along the direction of the lanthanide 
magnetic one (arbitrarily chosen). This is how the f-f transitions can gain electric dipole 
character and then become also CD-active, polarizing the electrically allowed ligand 
transitions thanks to their quadrupole character. 
A literature example of dynamic coupling is the case of M Ln (Binolate)3 complexes:
[16, 
24]
 the PERSEUS structure of this system reveals an almost achiral coordination polyhedron 
(Figure 27 left), a regular trigonal antiprism (RTA), with the binaphthol units almost parallel 
with respect to the symmetry axis (the inter-naphthalene axis is skewed by 10° respect the C3 
axis). The Yb derivative ((S)-Binol configuration) has a NIR-ECD spectrum (Figure 27 right), 
for the manifold of transitions 
2
F7/2→
2
F5/2, characterized by a non zero overall integrated area. 
This is an evident symptom of the presence of the dynamic coupling process: considering, for 
the sake of simplicity, only the electric dipole moments of the long axis transition of the 
naphthalene rings,
††††††
 these are only slightly skewed with respect to the C3 axis. If we 
consider two MC magnetic transition moments on the xz/yz planes (in D3 we have two 
quadrupoles of E symmetry along these planes), this determines again a polarization of the LC 
electric dipole ones with the right symmetry properties, as illustrated in Figure 26. The edtm 
of each naphthalene chromophore may interact with the MC-transition quadrupole and may 
determine altogether a transient electric dipole moment that, coupled with the MC magnetic 
one, permits a non zero rotational strength. In Figure 28 are reported two E symmetry 
representations for the dynamic coupling of the Binolate system, considering only the long 
axis naphthalene transition for either the upper and the lower ring (again the signs of the 
quadrupole is arbitrary): the anti-phase label is referred to the directions of each couple of 
long axis naphthoate transitions; one can appreciate that each transition dipole interact with 
the quadrupole in a constructive manner in these two cases (for the in-phase ones this is not 
                                                 
††††††
 Which is anyway strongly coupled with the short axis one, then the picture is more complex. 
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true); these E symmetry modes, then, possess the right requirements to determine a 
constructive interaction with the MC magnetic transition moment. 
  
Figure 27. PERSEUS structure (left), absorption and NIR-ECD spectra (right) of M Yb((S)-
Binolate)3. 
 
Figure 28. Representation from the C3/z axis view of the dynamic coupling phenomenon in M Ln 
(Binolate)3.  
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In conclusion, it results very important to evaluate which are the symmetries of the 
manifold of transitions for e.g. the Yb
3+ 
ion, to find out if there are some with E symmetry, 
that are useful for the dynamic coupling process (see later on). 
Moreover, the sum rule (see the chiroptical spectroscopy section) has to be followed 
anyway, then in the LC-ECD zone there will be a positive band integral which compensates 
the MC-ECD negative excess. Unfortunately, the exciton coupling (intra and inter-ligand) 
process between the naphthalene chromophores buries the missing rotational strength for its 
considerably higher intensity with respect to the dynamic coupling phenomenon. 
At this point, it’s evident how the chirality of the coordination polyhedron first and then 
the position and direction of the electric dipoles transition moments of the ligand result 
extremely important in the MC-ECD analysis. On this line of thought, there is a very 
interesting work of Alvarez et al.
[48]
 in which the authors quantify how much is chiral a 
specific polyhedron with a continuous shape measurement (CShM), that consists in 
numerically evaluate how much a particular structure deviates from an ideal symmetry or 
from an ideal shape: in a CShM structural analysis of a given molecule, one can compare the 
measures obtained with respect to the different ideal polyhedra and decide which of them best 
describes the molecular geometry by just choosing the smallest CShM value. This numerical 
value also gives an indication of how distorted the structure is from the reference shape. The 
authors focused on eight-vertex polyhedra, in particular for transition metal complexes, but 
the discussion holds well for lanthanide chiral complexes (the square antiprism in fact is 
considered in the paper). 
Yb3+ NIR-ECD studies 
Let’s examine very briefly how the NIR-ECD spectrum of the Ytterbium derivative of a 
chiral complex can be analyzed and rationalized, and then what it can “tell” us on 
structural/electronic issues. 
A common approach for the evaluation of the energy levels from a LC-ECD spectrum is 
variable temperature ECD spectra (VT-ECD). While, usually, VT-ECD spectra
[10]
 are the 
fundamental tool of a conformational analysis (distribution of conformers according to the 
Boltzmann’s law), in the chiral lanthanide complexes context this technique can provide also 
insight on the transition manifold: at room temperature, some Ln
3+
 transitions have their 
starting state not from the lowest energy one, but from the first excited state that may be 
partially populated (so-called hot bands, usually at lower frequencies to the transitions 
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starting from the fundamental state). The multiplet structure may be analyzed in terms of 
energy levels of the fundamental and excited states by exploiting such temperature 
dependence (one spectrum at high and one at low temperature is enough): the optimum 
situation is a crossed ECD/CPL study when it is possible, and the calculation of the rotational 
strength (integration of the CD bands) of the LC-ECD bands using the absorption spectrum as 
a guide is usually a fruitful approach (as in the case of Ln DOTMA) because it may help to 
resolve problems of superimposition of bands in the chiroptical spectrum. 
In addition, the Yb
3+
 NIR-ECD spectrum is markedly influenced by the point symmetry 
group and then by the CFS (as for the D parameter in the NMR spectrum): in case of fourfold 
symmetry one can appreciate a large CFS compared to the threefold, although other structural 
aspects or axial coordination may play a role and make this statement possibly incorrect. In 
case of static coupling, the integrated rotational strength over the whole multiplet vanishes 
and only the C4 symmetry guarantees sufficient separation to appreciate a strong ECD 
spectrum; on the contrary, often for C3 symmetry the bands due to static coupling are not 
observable and only one line survives thanks to the dynamic coupling mechanism. In fact, all 
the DOTA-like derivatives (Scheme 1) that have been studied through the Ytterbium NIR-
ECD possess a pseudo-C4 symmetry and lack strongly polarizable group, then they are 
dominated by the static coupling. Otherwise, several pseudo-C3 systems observed through 
NIR-ECD are characterized by conjugated ligands (diketonates and binaphthoates) with 
strong electric dipole transitions, responsible instead for relevant dynamic coupling. 
Concluding this section on the MC-ECD analysis, it remains to briefly highlight some 
details about how one can evaluate the number and the symmetry of the states in which a Ln
3+
 
ion split under a specific crystal field. Both the books written by Wybourne
[35, 36]
 treat deeply 
this aspects, with a full theoretical approach; for a second time, as I have already examined 
the symmetry analysis of the electronic states of an organic chromophore (in the LC-ECD 
section), I have chosen to apply an “organic chemist protocol” to this problem, particularly 
theory demanding. One only has to consider the effect of the spin-orbit coupling on the point 
group symmetry theory: if the J is integer one can use classic point group symmetry, 
otherwise for half-integer J one has to do further considerations. 
While, in normal symmetry groups, a 2 rotation brings a physical system back onto 
itself and is equivalent to the identity operation (E), to characterize the properties of half-
integral spin functions, a new symmetry operation R is introduced; this operation is a 2 
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rotation. Furthermore, it is assumed that the identity operation (E) is equivalent to a 4 
rotation. The elements of the point group must be expanded to include operations that are 
products of R and the symmetry operations of the regular group. These new groups are called 
double groups; they have extra symmetry elements and irreducible representations. 
Let’s examine one of the most simple Ln3+ ion, the Ytterbium (it’s an 4f13 ion), which 
possesses only two electronic levels (J = 7/2, 5/2); following the example of M Yb(Binolate)3 
complexes and of their dynamic coupling process just examined, I will derive the symmetries 
of the MJ levels in which each J state splits for the D3 point symmetry. The procedure consists 
of a few key points: 
 Yb3+ ion in D3 symmetry has four levels for J = 7/2 and three levels for J = 5/2 
(Wybourne “Spectroscopy properties of the Rare Earth” pag. 179[35]). 
 Yb3+ has half-integer J, then the D3’ double point group character table that we 
need is reported below (Table 4). 
Table 4. D3’ double group character table. 
D3
’  E R 2C3 2C3R 3C2 3C2R 
A
1 (
 1 1 1 1 1 1 
A
2 ( 
 1 1 1 1 -1 -1 
E ( 
 2 2 -1 -1 0 0 
E3/2
 ( { 
1 -1 -1 1 i -i 
1 -1 -1 1 -i i 
E
1/2 ( 
 2 -2 1 -1 0 0 
 
 Now, one needs to apply the equation 
sin[( ½) ]
( )
sin( 2)
J
J 
 


  to evaluate the 
irreducible representations () in D3’ symmetry for the Yb
3+
 J = 7/2 and J = 5/2 
levels. The  angle is a rotation angle about an arbitrary axis; one has to 
remember that for the E operation 2 1J J   , while for R (2 1)J J    ; 
otherwise  assumes the following values for the symmetry operations (S.O.) 
considered in the D3’symmetry. 
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S.O. 2C3 2C3R 3C2 3C2R 
  + 2   + 2
 
Then, for J = 5/2 E = 6 and R = -6 and for J = 7/2 E = 8 and R = -8, moreover 
applying the aforementioned equation for both the values of J results: 
 E R 2C3 2C3R 3C2 3C2R IR Symmetry 
J = 5/2 6 -6 0 0 0 0  + 25 E3/2+2E1/2 
J = 7/2 8 -8 1 -1 0 0  + 35 E3/2+3E1/2 
 
 These are linear combinations of the irreducible representations reported in Table 
4 all characterized by E symmetry for both the J levels. In conclusion, it remains 
only to check the output of the products of these n, which represent the 
transitions between all these states. It results: 
 E1/2 E3/2 
E1/2 [A1] + A2 + E 2E 
E3/2 2E [A1] + A2 + 2A2 
 
In conclusion, 11 transition on 12 magnetically allowed possess E symmetry character (6 
have also A2 symmetry, 1 has only A2 symmetry), then there will be at least one (they differ 
only on the direction in the xy plane) that may determine the experimentally observed 
dynamic coupling process. 
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Emission Electronic Spectroscopy 
In this last section of the chapter, I will examine the emission properties of lanthanide 
complexes; currently, their luminescence is one of the most important field of application, 
because of its potential use in optical communications, new generation displays, and 
sensors.
[49]
 Both fluorescence and its chiral counterpart CPL (circularly polarized 
luminescence) will be examined with special reference to the evaluation of the solution 
structures of the complexes. 
Fluorescence spectroscopy  
Since the f-f transitions are Laporte forbidden an alternative path has to be used to 
sensitize the lanthanide fluorophore: the so-called luminescence sensitization or antenna 
effect; if the luminescent ion is coordinated with an organic ligand or embedded into a matrix, 
then the light captured by an efficient organic chromophore may be transferred from the 
surrounding environment to the luminescent ion and subsequently the ion emits its 
characteristic light. 
Generally, emission may occur (1) from the excited ligand perturbated by the cation, (2) 
from the directly excited cation perturbated by the ligand, and (3) as just examined as a 
consequence of a non-radiative intramolecular energy transfer from the excited ligand to the 
cation, followed by emission from the latter. 
Lanthanide ions emission cover a wide range of wavelength, although for the same 
complex of different ions with an unequal quantum yield,
‡‡‡‡‡‡
 because it is strictly connected 
to electronic factors (ligand/lanthanide relative energy levels), quenching processes and 
geometry issues. 
In 1990 Buono-Core et al.,
[50]
 reviewed the emission properties of lanthanide complexes 
and how they vary along the lanthanide series, according to the electronic configuration and 
the different electronic energy levels. In addition, Buono-Core underlines: ”not all the 
possible transitions result in fluorescence, emphasizing again the importance of environmental 
and consequent symmetry effects”, aspect of great importance in our structure analysis. In 
particular, the fluorescence process for the Sm
3+
, Eu
3+
, Tb
3+
 and Dy
3+
 ions falls in the visible 
                                                 
‡‡‡‡‡‡
 
number of emitted photons
Q
number of absorbed photons
  
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region: these ions are perfectly sensitized by the organic chromophores in the ligand 
framework (e.g. diketonates, DOTA-like, Binol derivatives, etc.) which absorb photons 
between 200 and 400 nm. In particular Eu
3+
 and Tb
3+ 
ions possess transitions with strong 
emission intensity, stronger respect other lanthanides such as Pr
3+
, Nd
3+
, Ho
3+
, Er
3+
, Tm
3+
 and 
Yb
3+
, their emission is localized in the NIR range of the electromagnetic spectrum. 
 
Figure 29. Schematic energy level diagrams for three typical types of rare earth complexes. 
In Figure 29 are reported three typical situations differing only on the distance of the first 
excited state of the lanthanide ion with respect to the ligand one: most lanthanide ions belong 
more or less to the first case (Tb
3+
 is taken as example); another is characterized by ions that 
show no fluorescence such as La
3+
 and Lu
3+
, and the last by those for which luminescence is 
seldom observed, such as Gd
3+
. While, intra-4f 
n
 transitions are of course forbidden in 
Lanthanum(III) and Lutetium(III) complexes, the lowest lying excited level of 
Gadolinium(III) is too high to accept energy from a typical ligand T1 (triplet) state. 
The fluorescence technique allows the study of the structure, symmetry and stability of 
rare earth complexes, the presence of covalent interactions, the structure of first and second 
coordination spheres of lanthanide(III) ions, the exchange of ligands between the complexes 
etc.. Widely used for these types of study is the investigation of the effect of changes in the 
environment of lanthanide(III) ions on the “hypersensitive” transitions: in fact, a great 
enhancement of the emission intensity (even ten-fold higher) can be achieved by introducing a 
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triplet sensitizer
§§§§§§
 with its triplet level above that of the chelate; this is due for processes of 
intermolecular and intramolecular energy transfer. 
 
Figure 30. Energy transfer mechanisms (En Ln energy level lower than T1, Em Ln energy level higher 
than T1). 
Moreover, the energy transfer process in lanthanide complexes has been restricted to the 
three mechanisms reported in Figure 30:
*******
 
 mechanism I, after an efficient intersystem crossing between the lowest singlet 
and triplet excited states of the ligand, energy transfer occurs from Tl to a lower 
energy state (En) of the lanthanide(III) ion; 
 mechanism II, where there is a direct energy transfer from S1, to a lower energy 
state (En) of the lanthanide(III) ion; 
 mechanism III, in which there is an energy transfer from S1, to an upper 
intermediate level (Em) of the lanthanide(III) ion, then back to T1 to return finally 
to a lower energy level (En) of the lanthanide(III) ion before emitting. 
All the experimental work done on rationalizing the energy transfer process and its 
improvement seems to support the mechanism I as the most common one in lanthanide 
coordination chemistry. Moreover, all the energy transfer processes from ligand to lanthanide 
examined and reported in Figure 29 and Figure 30 has to be considered to follow the so-called 
Fӧrster interaction: it is based on the dipole-dipole coupling between the dipole moment of 
the ligand triplet state and the 4f electron in the lanthanide excited one through space, without 
any electron exchange/contact/delocalization (Dexter mechanism). The efficiency of the 
                                                 
§§§§§§
For example an heteroaromatic molecule such as 1,10- phenanthroline that occupy an axial position in 
the coordination sphere or a thiophene molecule in the ligand scaffold. 
*******
 In Figure 30 and 31 the ligand phosphorescence process has been omitted, moreover the localization 
of the photon to the charge transfer ligand-metal band was not considered because it is more typical of the 
transition metal ions. In addition, the Ytterbium (III) ion possesses a mechanism with an redox process, here not 
considered. 
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energy transfer is, mainly, inversely proportional to the sixth power of the ligand-lanthanide 
distance; in addition, it depends also on the quantum yield of the fluorescence of the isolated 
ligand and on the superimposition integral between the ligand fluorescence spectrum and the 
lanthanide absorption one (energy matching parameter). 
Fluorescence spectra, as already pointed out for the MC-absorption spectroscopy, are 
characterized by line-like bands. The small splittings that characterize certain lanthanide 
emission lines are useful for establishing by a group theoretical method, the local site 
symmetry of the metal ion in the complex: the analysis of the multiplicity of certain emission 
bands corresponding to particular manifold of f-f electronic transitions, may give us 
information not only on the point-group symmetry of the system, but also on the number of 
different species. From this point of view in this metal centered observation, as for the 
absorption, one exploits the lanthanide ion as a probe to obtain structural details to complete 
the paramagnetic NMR picture, focusing this time on the excited states of the Ln
3+
 ions. 
Since emissions of Samarium(III), Terbium(III) and Dysprosium(III) ions originate from 
radiative transitions at a unique resonance level for each ion, it is possible to assign most 
group of lines unambiguously to transitions between particular terms on the basis of energy 
gaps only. This kind of assignment, however, is not so simple for Europium(III) complexes 
since spectral lines in this ion originate from two excited states, 
5
D1, and 
5
D0, both of them 
populated by energy transfer. 
Anyway, Eu
3+
 chelates are often studied in preference to other lanthanides,
[23, 51]
  since 
the low J values of the strongest emission lines (
5
DJ →
7
FJ’, J = 0, 1; J’ = 0, 1, 2) give rise to a 
smaller number of closely spaced energy levels than is observed with most other lanthanide 
ions. Let’s point out some feature of these emission bands. 
First of all, transitions from the 
5
D0 state are particularly useful for interpretation of the 
site symmetry, since the initial state (J = 0) cannot be splitted by the ligand field. Thus, 
transitions from 
5
D0 to the various FJ states are generally well separated. In fact, since the 
5
D0 
excited state is non-degenerate as the 
7
F0
 
ground one, if more than one line is seen for the 
5
D0 
→7F0 transition at about 580 nm, one must envisage a multiplicity of Eu
3+
 species, possibly 
due to various coordination sites. As a result this transition is always very diagnostic. 
Moreover, the fact that this is seen at all indicates that the site symmetry is not 
particularly high (i.e. no inversion centre): in fact how much is strong/weak in intensity the 
5
D0 →
7
F0 is an important evidence of low/high symmetry. The 
5
D0 →
7
F1 transition is 
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magnetic-dipole allowed and relatively insensitive to environment, while the 
5
D0 →
7
F2 
transition is electric dipole in origin, again, it is absent if the ion is on an inversion centre, and 
its intensity is very sensitive to the environment, making it another good probe. The features 
of the Eu
3+
 luminescent electronic transitions and their symmetry properties are reported in 
Table 5 and Table 6.
[23]
 
Table 5. Number and degeneracy of 
5
D0-
7
FJ transitions of Eu
3+
 ions in some common symmetries 
(reproduced from reference [23], see also citations therein). ED = electric dipole, MD = magnetic dipole. 
 
Table 6. Features of 
5
D0 →
7
FJ luminescent transitions for Eu
3+
 (reproduced from reference [23]). 
 
I will examine now two explicative literature examples, among many others, on the 
analysis of Eu
3+
 complexes fluorescence spectra for structural investigation.  
In 2003 Parker et al. ([52] and the references cited therein) correlated optical and NMR 
spectral information with crystal field parameters of a DOTA-like complex, highlighting the 
role and the effect of axial coordinated molecules with N or O as donor atom. In the case of 
Eu
3+
 complexes, the splitting of the two components of the ΔJ = 1 transition in emission 
spectra provides a direct measure of the parameter 20B . In particular, by plotting the chemical 
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shift of the most shifted axial ring proton
†††††††
 of the cyclen macrocycle for the 
[Eu(DOTAMPh)X]
3+
 complex versus the splitting (energy difference in cm
-1
) of the ΔJ = 1 
bands for several axial donor molecule (added in 20-fold excess in the CD3CN NMR sample) 
a linear correlation was obtained (Figure 31). This is a direct experimental proof to justify 
Bleaney’s theory of magnetic susceptibility anisotropy. They also compared the same proton 
chemical shifts for a series of different DOTA-like complexes with their ΔJ = 1 emission band 
splitting. Considering also the presence of RSA and TSA isomers that possess different 
coordination numbers, they have found consistency in the linear trend for both these isomers, 
with proportional 20B parameters. 
 
Figure 31. Correlation between the Yb derivative H4 proton chemical shifts (the axial proton of the 
macrocycle) and the splitting of the A2-A1 and E-A1 ΔJ = 1 Eu
3+
 emission bands. 
Moreover, in the same work, for the same complex, the authors measure the ratio of the 
integrated emission intensities for the ΔJ = 2/ΔJ = 1 spectral bands, that is generally regarded 
as a useful parameter in evaluating changes in the Eu coordination environment. The ΔJ = 1 
transition is magnetic-dipole allowed and its oscillator strength is relatively independent of 
the ligand environment, whereas the ΔJ = 2 manifold is electric-dipole allowed. To a first 
approximation, the oscillator strength of this transition is considered to be proportional to the 
square of the ligand dipolar polarizability |. Thus, the ΔJ = 2/ΔJ = 1 intensity ratio may 
afford a measure of the polarizability difference between the DOTAMPh complex with or 
without axial molecules, resulting in a series that follows the expected binding affinities. 
                                                 
†††††††
 This shift is dominated by the PCS term and therefore is a reporter of the parameter D through 
Equation 3. 
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An example, similar to a system that I have studied (see the Results part), is the 1984 
paper by Murray et al.
[53]
 on the tetrakis(l-phenyl-1,3-butanedionato) Europium complexes 
(M[Ln(Bzac)4] with M alkali metal ion), where the authors tried to examine the Eu
3+
 
fluorescence spectra features changing the alkali metal counterion to point out possible 
variations in the coordination polyhedra. In Figure 32 are reported the four fluorescence 
spectra between 585 and 625 nm of the Eu
3+
 derivatives of all the alkali metals (except Li). 
There are some differences and details which may be highlighted and rationalized thanks to 
the group-theoretical method described by Wybourne:
[35]
 
 
Figure 32. Fluorescence spectra of M[Eu(Bzac)4] (M = Na, K, Rb and Cs) of the 585-625 nm portion 
which contains the 
5
D0 to 
7
F1 and to 
7
F2 transitions. 
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 Na derivative. The intensity of the feature in the 580 nm portion (5D0 →
7
F0 transition, 
not reported, see Table 5 and Table 6) of the spectrum is very weak, it is considered to 
be a symmetry-forbidden transition, which would rule out Cn and Cnv point groups. 
The three features at 590 nm have nearly the same intensity with the first two only 
narrowly split into a doublet. In the region around 610 nm there exists a very strong 
transition, a very weak one, and a weak doublet over 3 nm apart. These features 
correspond to what would be expected from D4 symmetry (see Table 5, D4 is equal to 
D4d or D4h symmetry for the 
5
D0 →
7
F2).  
 Potassium derivative. In the case of the potassium compound, the feature at about 580 
nm is of moderate intensity and hence it is allowed. Again the 590 nm region shows a 
singlet and a doublet with similar intensities. The 610 nm region also shows the 
singlet-doublet pattern, with the doublet intensity roughly twice the one of the singlet. 
Such an arrangement is consistent with either C4 or C4v symmetry.  
 Rubidium derivative. The feature in the 580 nm region is weak and considered 
forbidden. There are only two well resolved features in the 590 nm region with a 
diffuse feature at about 597 nm. The two features in the 610 nm region have intensity 
ratios of about 2:l. This situation corresponds best to D2d symmetry. 
 Cesium derivative. In the case of the cesium compound there is again a very weak 
feature in the 580 nm region. In both the 590 and the 610 nm regions there exist 
groups of three evenly spaced features of comparable intensity. This situation is 
indicative of D2 symmetry. 
The result of these analyses is an apparent descent in symmetry with increasing size of 
the alkali metal cation. The work is well developed, considering that lacks of a paramagnetic 
NMR analysis to compare with, moreover it may be complicated by the superimposition from 
the 
5
D1 to 
7
F3 and the 
5
D1 to 
7
F4 manifolds on the bands analyzed and by the eventual tris-
tetrakis equilibrium (here the 
5
D0 →
7
F0 may help). 
Circularly polarized luminescence spectroscopy 
The CPL technique can be considered the chiroptical counterpart of fluorescence 
spectroscopy. 
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Since the growing attention in the last years, several papers (see reference [54] and the 
citations therein) and a review/book chapter
[55]
 have been recently published
‡‡‡‡‡‡‡
 on the CPL 
of various molecular/supramolecular chiral systems and, in particular, the already well-known 
emission properties of lanthanide complexes have put them at the focus of attention: while the 
principal parameter to judge a possible application of a lanthanide complex in light emitting 
or photovoltaic devices is its fluorescence quantum yield, for chiral systems, a high glum factor 
(Equation 47) has became a further comparative standard among lanthanide luminescent 
chiral complexes, because a strong excess of left or right emitted photons may be used as a 
new modulation parameter in optoelectronic devices or as bio-medicine probes.  
As the quantum yield (QY) for the fluorescence, the glum value in the CPL context is 
strictly connected to electronic/geometrical issues, but it cannot be correlated to the former. 
QY is strongly influenced by quenching processes, this aspect shapes the developing and 
designing philosophies of the Ln
3+ 
complexes and represents a deeply investigated and 
speculated subject. Improving of the luminescence dissymmetry factor for a lanthanide chiral 
complex, instead, is a relatively new and stimulating research field, because understanding the 
influence of the first coordination sphere and conformational/chemical dynamics on its 
magnitude and sign (for a specific f-f transition) are still not completely clear. Obviously, the 
optimum situation is to realize a strong emitting system (high QY) with a light characterized 
by a high enantiomeric excess (high glum), but the variables to take into account are several. 
Moreover, in the literature, CPL spectra of lanthanide chiral systems are examined often 
only from a phenomenological point of view, possibly on the basis of the X-ray structure, 
without any solution state study. In fact, a complete spectra-structure connection analysis has 
been tried only in a few cases (see the Results part for our contribution). 
For example, Parker et al. in 2002
[58]
 showed the relationship between the glum of the 
Eu(III) complex of different chiral DOTA-like ligands and the degree of twist about the 
principal symmetry axis in eight- and axially capped nine- coordinated polyhedra (see Figure 
12 and Figure 13).  
                                                 
‡‡‡‡‡‡‡
 Here I recall the other two historical reviews on the subject: [56] F. S. Richardson, J. P. Riehl, 
Chemical Reviews 1977, 77, 773, [57] J. P. Riehl, F. S. Richardson, Chemical Reviews 1986, 86, 1. 
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Figure 33. Correlation of the effect of twist of the polyhedron with the CPL/CD intensity. 
The authors pointed out that in the context of the RSA-TSA conformational exchange of 
the DOTA-like scaffold, the local helicity at the metal centre will be the determining factor 
for the  angle between electric and magnetic transition moments.§§§§§§§ In the paper is 
highlighted that, considering only the pure static mechanism arising from the chirality of the 
coordination polyhedron, the CPL or CD must vanish for the square prism or antiprism (i.e. a 
twist angle of 0°, 45° and 90° with reference to Figure 33). Subsequently, the glum is therefore 
defined by a sin2cos2 function, where  is the angle of twist about the principal symmetry 
axis and, in addition, this predicts its maximum value for 22.5°.  
The authors underlined that there are only a few cases of systems with a TSA polyhedron 
almost close to the 22.5° of twist angle, with respect to other more common examples with 
the RSA structure (see the citations therein). I remind again how this observation is solely 
based on the chirality of the coordination polyhedron and then on the crystal field perturbation 
of the ligands atoms (donor heteroatoms above all) in a static coupling mechanism; in case of 
a quasi-achiral shape polyhedron the ligand chromophores interactions with the lanthanide ion 
transitions may play an important role, but this has to be considered case by case (solution 
structure and type of ligand chromophore). As I have pointed out in the MC-ECD part, the 
sum rule all over the CPL spectrum may give some hints on the static/dynamic coupling issue 
(zero in first case, not zero in the second one). 
                                                 
§§§§§§§
 Recalling the Equation 48, for axial symmetries the  angle between electric and magnetic transition 
moments is necessarily 0°, 90° and 180°. 
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Figure 34. CPL spectrum of EuDOTAMPh(CF3SO3)3 in water (left) and effect of a 50 fold excess of a 
X added donor molecule (right) on the glum of the Eu
3+
 transitions. 
Another aspect of this interesting work is the effect of an axially coordinated molecule 
(see the paramagnetic NMR notions section for its influence on the magnetic anisotropy 
parameter D) on the glum of the Eu
3+
 transitions: in the CPL spectra of the DOTAMPh ligand 
Eu
3+
 complexes (see Figure 31 for the chemical structure and Figure 34 (left) for the CPL 
spectrum) have been observed some interesting changes: the more polarisable donors (added 
in 50-fold excess, water < ethanol < DMF < DMSO < HMPA) gave rise to the more intense 
J = 2 transition (hypersensitive), while its glum tends to zero (Figure 34 (right)), according to 
Equation 48 for a higher contribution of the electric dipole transition strength Dab. In addition, 
it appears evident that the sum rule is almost perfectly followed: therefore, it’s a case of clear 
static coupling where the perturbation of a high polarisable molecule in a chiral polyhedron is 
strong. 
Among several cases, an interesting example of CPL spectrum-system structure 
connection studies have been published by Kawai et al. in two papers
[59, 60]
 focused on the 3-
trifluoroacetyl-d-camphor ligand tris complexes (usually abbreviated as tfc or facam), already 
known for their application as CLSR (chiral lanthanide shift reagents in NMR) and close to a 
system studied by us and reported in the Results part. 
In the research for a high QY value with lanthanide complexes, Eu/Tb tris  - diketonate 
have been intensively studied in the last years: despite their low cost and easy synthetic 
preparation, they suffers largely for the axial coordination process, because they are 
coordinatively unsaturated (fundamental aspect for a CLSR system); this determines a high 
risk of quenching processes (solvent molecules above all). It is common to remedy with a 
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capping axial molecule, an approach that is used also to influence the emission properties of 
the system (see §§§§§ note). Kawai et al. investigated the influence on the CPL spectrum of 
tris Eu(tfc)3 derivatives with different chiral phosphine oxide and Pybox as capping axial 
molecules:  
 
Figure 35. Effect on the CPL spectrum of Eu(tfc)3 complexes of two different axial coordinated 
molecules. 
in both papers, the authors tried to explain the different glum values changing the axial ligand/s 
for the Eu
3+
 J = 1, 2 transitions, speculating on the measured X-ray structure. This is a very 
common approach, but it is rarely justified on account of the well known rearrangements that 
lanthanide complexes undergo
[16]
 passing from the solid state to solution (at least C3 for these 
tris tfc chiral systems). The authors confirmed in their 2012 paper the need for a solution 
phase structure evaluation with the statement “we may need to analyze coordination geometry 
in solution phase [...] for further understanding of the CPL activity of these chiral Eu(III) 
complexes in solution phase”; the paramagnetic-NMR/chiroptical spectroscopy approach 
therefore results the most complete. 
In the 2009 paper the authors justify the higher glum of the camphorate of a derivative 
with two TPPO axial molecules (Figure 35 left, TPPO = triphenyl phosphine oxide) with the 
strongly distorted TSA X-ray structure observed. Considering the usual high lability of this 
system (TPPO is also not a chelate) and the 
1
H NMR spectrum reported counting of only nine 
resonances (of a total of eleven considering the three ones of the TPPO), then the X-ray C1 
structure is a picture poorly representing the solution phase one: a C3 symmetry distorted 
trigonal antiprism may be the one acceptable, either mono or bicapped by the TPPO 
molecules. Interestingly, the ECD spectrum reported in the paper resembles the classic shape 
of the tris camphorate complexes with two positive bands at 300 nm for the diketonate * 
transition,
[54]
 and the presence of at least one TPPO molecule may be confirmed by the single 
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weak positive band at 230 nm (maybe it is involved in a ligand exchange equilibrium). One 
possibility to explain a high degree of distortion from a regular trigonal antiprism and then a 
high glum value, may be the effect of the two capping TPPO molecule which force the 
diketonate moieties (and then all the camphorate units) to stay almost parallel in the plane 
perpendicular to the symmetry axis determining a highly twisted structure.  
Similar considerations may be done for the Me-Ph-Pybox reported in Figure 35 (right), 
considering again that only eleven resonances are observed in the 
1
H-NMR spectrum 
(apparently very broad) and a particular ECD profile on the 300 nm camphorate transition 
(bisignate this time in contrast to all the other Eu complexes considered in this papers). The 
X-ray structure reported possesses high symmetry in two of the three camphorate units and 
the Pybox molecule lies along a quasi-C3 symmetry axis, but again the lack of a solution 
paramagnetic NMR investigation doesn’t help to rationalize this high glum, one may only 
speculate on different possibilities. 
In both these examples the sum rule in the CPL spectrum is followed and these represent 
probable cases of strong static coupling, considering the great effect of the TPPO or Pybox 
axial ligand on the crystal field. 
A very different case of dynamic coupling (MC-ECD/CPL) will be examined in the 
Results part for a tetrakis camphorate derivative, with the dual NMR/Chiroptical 
spectroscopies method illustrated in this chapter: the intimate connection between solution 
structure (paramagnetic NMR derived) and chiroptical properties (high glum) will be pointed 
out and rationalized with all the considerations done in this chapter. 
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’ INTRODUCTION
The photophysical properties of lanthanide (Ln) complexes,
based on π-conjugated ligands, acting as light antennae, have
been fully assessed.1 Interestingly the emission of ions spans from
visible to IR according to the Ln(III) chosen,13 allowing for
applications in disparate ﬁelds such as optoelectronic devices,1,2
sensors,4 bioassays,5 and telecommunication.6 Recent years have
witnessed a growing interest in their use both alone and as a
component in blends with polymers imparting mechanical
processing properties to the material, to fabricate organic light-
emitting diodes (OLEDs) of diﬀerent colors and even white
OLEDs,7 luminescent solar concentrators, lasers, and plastic
optical ﬁbers for data transmission.8
One of the most studied class of ligands is constituted by
β-diketonate derivatives (β-DK) in view of their chemical
stability, ease of preparation, and noticeable emission properties
due to the eﬀectiveness of the energy transfer (ET) from this
ligand to the Ln(III) ion.9
Particularly, europium β-DK complexes have attracted more
interest in optoelectronic applications because of their strong and
narrow red emission.8,10 The intensity of this emission depends
on the type of β-diketone and on the type of complex. Con-
sidering ternary complexes of β-DK ligands and Lewis bases to
complete the coordination sphere only, the majority of the highly
luminescent complexes contain ﬂuorinated groups which in-
crease volatility and improve thermal and oxidative stability of
the compounds.11 However, a combination of aromatic and
Received: October 20, 2010
ABSTRACT: The synthesis and the molecular and photophysical characteriza-
tion, together with solid state and solution structure analysis, of a series of
europium complexes based on β-diketonate ligands are reported. The Eu(III)
complex emission, speciﬁcally its photoluminescence quantum yield (PL-QY),
can be tuned by changing ligands which ﬁnely modiﬁes the environment of the
metal ion. Steady-state and time-resolved emission spectroscopy and overall PL-
QY measurements are reported and related to geometrical features observed in
crystal structures of some selected compounds. Moreover, paramagnetic NMR,
based on the analogous complexes with other lanthanides, are use to demonstrate
that there is a signiﬁcant structural reorganization upon dissolution, which justiﬁes
the observed diﬀerences in the emission properties between solid and solution
states. The energy of the triplet levels of the ligands and the occurrence of
nonradiative deactivation processes clearly account for the luminescence eﬃcien-
cies of the complexes in the series.
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ﬂuoro-aliphatic substituents on the diketone gives europium(III)
complexes with a more intense luminescence because of the
more eﬃcient ET from the ligand to the lanthanide ion.9b As a
matter of fact, europium tris(2-thienoyltriﬂuoroacetonate) 3 phe-
nantroline [Eu(TTA)3Phen] is one of the most eﬃcient euro-
pium complexes in the β-DK series. To date, the largest solid
state photoluminescence quantum yield (PL-QY)measured for a
Eu(III) complex, [Eu(TTA)3DBSO] where DBSO = dibenzyl
sulfoxide, is 85%.12 It is well-known that complex PL-QY upon
ligand excitation results from a balance between the ligands-to-
Eu(III) ET rates and the 5D0 radiative and nonradiative decay
rates. The nonradiative decay rates may have contributions from
several processes: multiphonon relaxation, thermally assisted
back-ET (BT) from lanthanide ion to ligand excited levels, relaxa-
tion to the ground state via crossover to another excited state, for
example, the ligand-to-metal charge-transfer state of the Eu(III)
ion, or ET between the lanthanide ions themselves.13 In this con-
tribution a series constituted by thienoyl ligands only is considered
to maximize the intersystem crossing process (ISC) between S1
and T1 levels of the ligand (Figure 1 below). A complete character-
ization of these β-DK complexes, particularly the study of the PL
properties in the series related to photophysical considerations,
crystal structures, where available, and to complexes geometry
determined by NMR studies is presented. The ligands consid-
ered in the present study are reported in Scheme 1 where Ln(III)
is Eu(III) for the complexes actually discussed orGd(III) for energy
triplet determination, and Pr, Tb, Tm, Yb, Lu for paramagnetic
NMR (Lu provides the necessary diamagnetic reference).
Chemical and magnetic properties of lanthanides oﬀer a
unique tool to investigate in detail the structure of these
complexes in solution and to get further insight into the relation
between geometry and luminescence properties. 1H and 13C
spectra of the Eu(III) complexes do not lend themselves to an
accurate analysis because of the limited pseudocontact shifts
induced by Eu(III). Fortunately, taking advantage also of nuclear
relaxation rates, we can demonstrate isostructurality in solution
upon substitution of Eu(III) with late lanthanides, notably Tb-
(III) and Yb(III), which induce much larger paramagnetic shifts
and derive a set of reliable pseudocontact terms, which allows us
to put forward an alternative structure and dynamic picture for
the complexes in solution, accounting for the PL-QY diﬀerences
observed between solid and solution states.
As a consequence, the relevance of emission quenching
provoked by high energy CH oscillators in this series, although
its eﬀectiveness is lesser than that observed in Nd(III), Er(III)
complexes,14 has been recognized.
’EXPERIMENTAL SECTION
Materials. Sodium amide, sodium methoxide, methanol, tetrahy-
drofuran (THF), ethanol, hexane, dichloromethane (CH2Cl2), chloro-
form (CHCl3), ethyl ether (Et2O), ethyl acetate, sodium hydroxide,
anhydrous sodium sulfate, hydrochloric acid, and phosphoric acid were
purchased from Aldrich and Merck, and deuterochloroform (CDCl3)
and dideuteromethylenchloride (CD2Cl2) from Cambridge Isotope
Laboratories-Inc. Methanol, ethanol, and THF were purified by stan-
dard distillation methods.
4,4,4-Triﬂuoro-1-(2-thienyl)-1,3-butanedione (HTTA), 2-acetyl-3-
bromothiophene, 2-acetylthiophene, 2-bromothiophene, ethyltriﬂuor-
oacetate, 2-thiophenecarboxylic acid ethyl ester, 5-(2-methylthiophene)-
4,4,5,5-tetrametyl-1,3,2-dioxoborolane, 1,8-dibromooctane, acetic anhy-
dride, tetrakis(triphenylphosphine)palladium [Pd(PPh3)4], 1,10-phe-
nantroline (Phen), and europium(III) chloride hexahydrate (EuCl3 3
6H2O) were purchased fromAldrich and used without any further puriﬁca-
tion. The synthesis of ligands is reported in the Supporting Information.
Apparatus and Procedure. Crystals suitable for X-ray diffrac-
tion (XRD) analysis were obtained by slow crystallization from THF
for Eu(DTDK)3Phen and from CHCl3 for Eu(Br-TTA)3Phen and
Scheme 1
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Eu(MeT-TTA)3Phen, respectively. XRD experiments were carried out
using an Enraf Nonius CAD4 instrument for single crystal analysis, while
films and powder were examined using a computer controlled Siemens
D-500 diffractometer equipped with Soller slits and an Anton-Paar camera
for variable temperature experiments under nitrogen atmosphere.
Crystal structure resolution was performed according to the condi-
tions shown in Table 1 and Supporting Information, Table S2, using
WINGX package.15
NMR spectra were recorded on Bruker Advance 400 and 270
spectrometers and on a Varian Inova 600 (14.1 T) instrument equipped
with triple resonance gradient probe.
FTIR spectra were taken on a Perkin-Elmer 2000 FTIR spectrometer.
Positive MALDI-TOF mass spectra were acquired by a Voyager DE-
STR (PerSeptive Biosystem) using a delay extraction procedure (25 kV
applied after 2600 ns with a potential gradient of 454 V/mm and a wire
voltage of 25 V) and detection in linearmode. The instrument was equipped
with a nitrogen laser (emission at 337 nm for 3 ns) and a ﬂash AD con-
verter (time base 2 ns). trans-2[3-(4-tert-Butylphenyl)-2-methyl-2-pro-
penylidene]-malononitrile (DCTB) or dithranol were used as a matrix.
Mass spectrometer calibration was performed using 5,15-bis(p-dodecan-
oxyphenyl)-10,20-bis(p-hydroxyphenyl)porphyrin (C68H78N4O4,
1014 Da) and tetrakis(p-dodecanoxyphenyl) porphyrin (C92H126N4O4,
1350 Da).
UVvis absorption spectra for both solutions and ﬁlms were
measured with a Lambda 900 Perkin-Elmer spectrometer. Steady-state
photoluminescence (PL) spectra were recorded using a SPEX 270 M
monochromator equipped with a N2-cooled CCD detector, by exciting
with a monochromated Xe lamp. The overall PL-QY were measured in
CH2Cl2 solution [10
5 Mol L1] at room temperature with respect to a
reference solution of quinine sulfate in 1 N H2SO4 and exciting at
350 nm (PL-QY = 54.6%). The overall PL-QY for the ﬁlms obtained by
spin-coating from CH2Cl2 solutions, was determined under ligand
excitation (360 nm) and is based on the absolute method using a
calibrated integrating sphere.16 The estimated error for the solid-state
PL-QY is 10%.
The emission lifetimes were collected while monitoring 615 nm
Eu(III) 5D0-
7F2 hypersensitive transition. All the samples were excited
with a beam of 355 nmNd:YAG laser, with the power of 100 μWand the
repetition rate of 200 Hz (for the sample with the shorter lifetime the
repetition rate was 3000 Hz), a PCI plug-in multichannel scaler ORTEC
Table 1. Crystallographic Details of Eu(Br-TTA)3Phen and Eu(DTDK)3Phen Complexes
chemical formula C36H17Br3EuF9N2O6S3 C53H45EuN2O8S6
formula weight 1232.39 1182.23
space group P1 (No.2) P21/c (No.14)
a/nm 0.9804(1) 1.2039(8)
b/nm 1.3673(2) 3.0280(2)
c/nm 1.6067(2) 1.4916(11)
R (deg) 95.118(3) 90.0
β (deg) 95.479(3) 93.89(4)
γ (deg) 98.792(3) 90.0
V/nm3 2106.9(5) 5425.0(15)
Z 2 4
Dcalc/g cm
3 1.943 1.447
radiation Mo KR (0.71073 Å) Mo KR (0.71073 Å)
μ/cm1 4.568 1.44
F(000) 1184 2400
temperature/ K 293 293
anomalous dispersion all non-H atoms all non-H atoms
parameters reﬁned in full-matrix least-squares 541 632
unweighted agreement factor 0.057 0.058
weighted agreement factor 0.156 0.122
goodness of ﬁta 1.016 0.965
least-squares weights b c
largest shifts 0.00 0.05 σ
high and low peaks in ﬁnal diﬀ. map/e Å 2.77 and 1.09 0.75 and 0.53
crystal color yellow yellow
crystal shape prism prism
crystal dimensions/mm3 0.44  0.25  0.19 0.50  0.23  0.20
instrument Bruker-AXS SMART-APEX Bruker-AXS SMART-APEX
empirical absorption 0.240.48 0.530.76
maximum θ/deg 25 25
reﬂections included Fo > 4σ(Fo) 5711 over 7406 4495 over 9524
monochromator graphite crystal, attenuator Zr foil, factor 17.0
scan type ω ω ω
scan rate 10 s/imaged 10 s/imaged
scan width/deg 0.2 0.2
aMinimization function ∑w(Fo
2  Fc2). b w = 1/[\σ2(Fo2) þ (0.1125P)2 þ 2.6021P] where P = (Fo2 þ 2Fc2)/3. c w = 1/[\σ2(Fo2) þ (0.0723P)2 þ
0.0000P] where P = (Fo
2 þ 2Fc2)/3. dThat is, 0.02/s.
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9353 100-ps Time Digitizer/MCS has been used in a photon counting
acquisition mode, with a time resolution better than 100 ns. The
estimated error for the solution emission lifetimes is 2%.
Synthesis of Complexes: General Procedure. Eu(DTDK)3-
Phen. 1,3-Di(thien-2-yl)propane-1,3-dione (HDTDK) (708.9mg, 3mmol)
and Phen (180.2 mg, 1 mmol) were dissolved in hot EtOH (7 mL).
To this solution cooled to room temperature was added an aqueous
NaOH solution (3 mL, 1 mol L1, 3 mmol). After stirring for 20 min,
EuCl3 3 6H2O (366.2 mg, 1 mmol) in water (7 mL) was added to the
solution. The addition was accompanied by a large precipitation. The
mixture was then heated for 3 h at 60 C. After cooling to room
temperature, the yellow precipitate was collected by filtration and dried
under vacuum to afford 91% of the complex (0.9437 g).
FT-IR [ﬁlm from CH2Cl2, ν (cm
1)]: 1585, 1560, 1545, 1530, 1515,
1480, 14301410 (br), 1345, 1295 (br), 1235, 1195, 1150, 1110, 1075,
1030, 855, 840, 875, 750, 730710 (br), 660, 620, 590. UVvis
absorption: solution (CH2Cl2) λmax = 272 and 373 nm; ﬁlm λmax =
280 and 400 nm. MALDI-TOF (matrix DCTB, m/z): main peak, [2 L
Phen Eu]þ 802.47; [2 L 2 Phen Eu]þ 982.54; the ions were detected
as Mþ species because of loss of a DTDK anion fragment from the
corresponding molecular species. Taking into account all the peaks
present in the spectrum and their intensity, a DTDK:Phen:Eu ratio of
3:1:1 could be calculated. 1H NMR (CD2Cl2, 400 MHz, δppm, JHz):
major form (∼ 85%): 12.95 (s br, 2H, Phen), 10.71 (d, 2H, J3,4 = 7.6,
Phen), 10.06 (s, 2H, Phen), 9.29 (d, 2H, J4,3 = 7.6, Phen), 6.68 (d, 6H,
J5,4 = 4.8, Th), 6.20 (dd br, 6H, J4,3 = 3.6, Th), 5.59 (d, 6H, J3,4 = 2.8, Th),
2.96 (s, 3H, CH β-diketonate); minor form (∼15%): 12.05 (s br, 2H,
Phen), 10.63 (d, 2H, J3,4 = 7.6, Phen), 9.99 (s, 2H, Phen), 9.07 (d, 2H,
J4,3 = 7.6, Phen), 6.55 (d, 6H, J5,4 = 4.4, Th), 6.07 (dd br, 6H, J4,3 = 3.6,
Th), 5.23 (s br, 6H, Th), 2.59 (s, 3H, CH β-diketonate). 13C NMR
(CD2Cl2, 100 MHz, δppm, JHz): 181.9 (CdO), 164.4, 162.7, 149.9,
131.3, 128.1, 123.1, 122.7, 115.1, 109.3, 94.0 (CH β-diketonate), 57.9.
Elemental analysis was performed for the C, H, S atoms: calc. for
EuC53H45O8N2S6 using crystal for XRD: C, 53.84; H, 3.84; S, 16.27.
Found C, 53.72; H, 3.92; S, 16.13.
Eu(TTA)3Phen. Starting products: Phen and HTTA as ligands, and
EuCl3 3 6H2O as the metal precursor. The complex was obtained as a
pale rose powder with a yield of 65% after crystallization from CHCl3.
MALDI-TOF (matrix dithranol, m/z): [2 L Phen Eu]þ 773.4, main
peak; [2 L 2Phen Eu]þ 953.7; the ions were detected as Mþ species
because of loss of a TTA fragment from the corresponding molecular
species. Taking into account all the peaks present in the spectrum and
their intensity a TTA: Phen: Eu ratio of 3:1:1 could be calculated. 1H
NMR (CD2Cl2, 400 MHz, δppm, JHz): 10.89 (s br, 2H, Phen), 10.17 (d,
2H, J4,3 = 8.0, Phen), 9.44 (s, 2H, Phen), 8.56 (d, 2H, J3,4 = 7.6, Phen),
7.04 (d, 3H, J5,4 = 4.8, Th), 6.50 (dd, 3H, J4,5 = 4.2, Th), 6.02 (s large, 3H,
Th), 3.13 (s, 3H, CH β-diketonate). 13C NMR (CD2Cl2, 100 MHz,
δppm, JHz): 179.5 (CO-Th), 168.8 (COCF3), 162.9, 150.2, 135.5,
127.1, 127.0, 123.7, 112.2, 106.3, 95.6 (CH β-diketonate). Elemental
analysis was performed forC,H, S, atoms. Calc. for EuC36H20F9O6N2S3:C,
43.43 ; H, 2.02; S, 9.66. Found: C, 43.70; H, 1.92; S, 9.48.
Eu(Br-TTA)3Phen. Starting products: Phen and Br-HTTA as ligands,
and EuCl3 3 6H2O as the metal precursor. The complex was obtained as a
light orange powder which was crystallized from CHCl3 (yield 70%).
MALDI-TOF (matrix dithranol, m/z): [2 L Phen Eu]þ 931.3, main
peak; [2 L 2Phen Eu]þ 1111.4; the ions were detected as Mþ species,
because of loss of a BrTTA anion fragment from the corresponding
molecular species. Taking into account all the peaks present in the
spectrum and their intensity a Br-TTA:Phen:Eu ratio of 3:1:1 could be
calculated. NMR 1H (CD2Cl2, 400 MHz, δppm, JHz): 10.94 (s large, 2H,
Phen), 10.12 (s large, 2H, Phen), 9.35 (s, 2H, Phen), 8.53 (s large, 2H,
Phen), 6.50 (s br, 3H, Th), 5.66 (s br, 3H, Th), 3.24 (s, 3H, CH
β-diketonate). 1H NMR (acetone d6, 270 MHz, δppm, JHz): 11.82 (s large,
2H, Phen), 10.21 (d, J4,3 = 7.8, 2H, Phen), 9.28 (s, 2H, Phen), 8.69 (d,
J3,4 = 7.0, 2H, Phen), 6.50 (d, J4,3 = 4.1, 3H, Th), 5.64 (d, J3,4 = 4.1, 3H,
Th), 3.29 (s, 3H, CH β-diketonate). 13C NMR (CD2Cl2, 100 MHz,
δppm, JHz): 179.5 (CO-Th), 168.3 (COCF3), 162.8, 150.4, 127.1,
126.7, 124.8, 111.8, 106.2, 97.5 CH β-diketonate. Elemental analysis was
performed for C, H, S, atoms: Calc. for EuBr3S3F9O6N2C36H17: C,
35.09; H, 1.39; S, 7.81. Found: C, 34.87; H, 1.43; S, 7.58.
Eu(TTA)2(Br-TTA)Phen. Starting products: Phen, HTTA, and Br-
HTTA as ligands and EuCl3 3 6H2O as the metal precursor, in the
respective stoichiometry of 1, 2, 1, and 1. Yield 85%. The complex was
obtained as a light pink beige powder, which emits strongly under
excitation at 360 nm, in the solid state and in solution as well. No
attempts for purification were performed, to avoid any decomposition.
MALDI-TOF (matrix dithranol, m/z): [2L1 Phen Eu]þ 773.6; [L1 L2
Phen Eu]þ 851.5; [2L2 Phen Eu]þ 931.3; [2L1 2Phen Eu]þ 953.6; [L1
L2 2Phen Eu]þ 1031.6; [2L2 2Phen Eu]þ 1111.4; the ions were
detected as Mþ species because of loss of a TTA or Br-TTA anion
fragment from the corresponding molecular species. 1HNMR (CD2Cl2,
400 MHz, δppm, JHz): 10.8810.82 (2H, Phen), 10.1210.02 (2H,
Phen), 9.379.25 (2H, Phen), 8.498.45 (2H, Phen), 6.96 (d, 2H,
J5,4 = 4.6, Th TTA), 6.476.40 [m, 3H, Th TTA (2H) and Th Br-TTA
(1H)], 5.94 and 5.86 (2d, 2H, J3,4 = 3.6, Th TTA), 5.71 and 5.63 (2d,
1H, J3,4 = 3.8, Th Br-TTA), 3.50 and 3.28 (2s, 1H, CH β-diketonate of
Br-TTA), 3.05 and 2.88 (2s, 2H, CH β-diketonate of TTA). 13C NMR
(CD2Cl2, 100 MHz, δppm, JHz): 179.5, 168.6, 162.8, 150.2, 135.6, 135.5,
127.2, 127.1, 127.0, 126.9, 126.5, 124.5, 123.7, 123.6, 112.0, 106.2, 95.6,
and 95.1 (CH β-diketonate). Elemental analysis was performed for C, H,
S, atoms: Calc. for EuC36H19BrF9N2O6S3: C, 40.24; H, 1.78; S, 8.95.
Found: C, 40.04; H, 1.88; S, 8.78.
Eu(BrC8-TTA)3Phen. Starting products: Phen and BrC8-HTTA as
ligands, and EuCl3 3 6H2O as the metal precursor Yield 48%. The
complex was obtained as a yellowish solid after precipitation from hexane
solution. MALDI-TOF (matrix dithranol, m/z): main peak [2 L Phen
Eu]þ 1154.9; [2 L 2Phen Eu]þ 1333.7; the ions were detected as Mþ
species, because of loss of a BrC8-TTA anion fragment from the
corresponding molecular species. Taking into account all the peaks
present in the spectrum and their intensity a BrC8TTA:Phen:Eu ratio of
3:1:1 could be calculated. 1HNMR(CD2Cl2, 270MHz,δppm, JHz) 10.35
(s br, 2H, Phen), 10.15 (d, 2H, J4,3 = 8.1, Phen), 9.47 (s, 2H, Phen), 8.48
(d br, 2H, J3,4 = 8.1, Phen), 6.14 (d, J3,4 = 3,4, 3H, Th), 5.83 (d J4,3, 3H,
Th), 3.50 (t, 6H, CH2Th), 3.42 (t, 6H, CH2Br), 2.47 (s, 3H, CH β-
diketonate), 1.891.26 (36H, alkyl chain). Elemental analysis was
performed for C, H, S, atoms: Calc. for EuC60H65F9N2O6S3Br3: C,
45.93 ; H, 4.18; S, 6.13. Found: C, 46.03 ; H, 4.01; S, 6.00.
Eu(MeT-TTA)3Phen. Starting products: Phen and MeT-HTTA as
ligands, and EuCl3 3 6H2O as the metal precursor. Solvent EtOH:THF
(1:5). The complex was obtained as a yellow powder with a yield of 72%
after crystallization from CHCl3. MALDI-TOF (matrix dithranol,m/z):
[2 L Phen Eu]þ 965.57; [3 L Eu]Hþ 1102.26; the ions were detected as
Mþ species, because of loss of a MeT-TTA anion fragment from the
corresponding molecular species, and as MHþ species, respectively.
Taking into account all the peaks present in the spectrum and their
intensity a MeT-TTA:Phen:Eu ratio of 3:1:1 could be calculated. 1H
NMR (CD2Cl2, 270 MHz, δppm, JHz): 11.09 (s br, 2H, Phen), 10.06
(d, 2H, J4,3 =7.8, Phen), 9.31 (s, 2H,Phen), 8.53 (d, 2H, J3,4 =7.6, Phen), 7.26
(d, 3H, J=3.2,Th), 6.90 (d, 3H, J=2.4,Th), 6.45 (d, 3H, J=3.8,Th), 5.76 (d,
3H, J = 3.8, Th), 2.97 (s, 3H, CH β-diketonate), 2.73 (s, 9H,Me). Elemental
analysis was performed for C, H, S, atoms: Calc. for EuC51H32F9N2O6S6: C,
47.70; H, 2.51; S, 14.98. Found C, 47.82; H, 2.55; S, 14.80.
The same synthetic procedures were used in the preparation of the
corresponding Ln(TTA)3Phen, Ln = Gd, Pr, Tb, Tm, Yb, Lu, as well as
for the systems of empirical formula Gd(Br-TTA)3Phen, Gd(TTA)2-
(Br-TTA)Phen, Gd(BrC8-TTA)3Phen, Gd(DTDK)3Phen, Yb (TTA)2-
(Br-TTA)Phen, and Yb(BrC8-TTA)3Phen. Elemental analyses were
performed for C, H, S, atoms:
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Calc. for GdC36H20F9N2O6S3: C, 43.20; H, 2.01; S, 9.61. Found C,
43.47; H, 2.12; S, 9.44.
Calc. for GdBr3S3F9O6N2C36H17: C, 34.97; H, 1.39; S, 7.78. Found:
C, 34.80; H, 1.43; S, 7.55.
Calc. for GdC36H19BrF9N2O6S3: C, 40.06; H, 1.77; S, 8.91. Found:
C, 39.93; H, 1.85; S, 8.72.
Calc. for GdC60H65F9N2O6S3Br3: C, 45.81; H, 4.16; S, 6.11. Found:
C, 45.93; H, 4.21; S, 6.00.
Calc. for GdC53H45O8N2S6: C, 53.60; H, 3.82; S, 16.20. Found C,
53.49; H, 3.94; S, 16.01.
Calc. for PrC36H20F9N2O6S3: C, 43.91; H, 2.05; S, 9.77. Found C,
44.12; H, 2.15; S, 9.58.
Calc. for TbC36H20F9N2O6S3: C, 43.12; H, 2.01; S, 9.59. Found C,
43.30; H, 2.13; S, 9.40.
Calc. for TmC36H20F9N2O6S3: C, 42.70; H, 1.99; S, 9.50. Found C,
42.85; H, 2.07; S, 9.37.
Calc. for YbC36H20F9N2O6S3: C, 42.52; H, 1.98; S, 9.46. Found C,
42.72 ; H, 2.09; S, 9.26.
Calc. for LuC36H20F9N2O6S3: C, 42.44; H, 1.98; S, 9.44. Found C,
42.63; H, 2.08; S, 9.27.
Calc. for YbC36H19BrF9N2O6S3: C, 39.46; H, 1.75; S, 8.78. Found: C,
39.60; H, 1.88; S, 8.59.
Calc. for YbC60H65F9N2O6S3Br3: C, 45.32; H, 4.12; S, 6.05. Found:
C, 45.54; H, 4.01; S, 5.91.
’RESULTS AND DISCUSSIONS
Synthesis of Ligands and Complexes. 5-Bromo-2-thienoyl-
trifluoroacetone Br-HTTA was synthesized by the Claisen con-
densation of 2-acetyl-5-bromothiophene and ethyltrifluoroacetate
with sodium methoxide as the base and MeOH/Et2O mixture as
the solvent.17 The pure product was obtained in a 65% yield after
sublimation. In the synthesis of ligand HDTDK, sodium amide
replaced sodiummethoxide as the base, and THF was used as the
solvent.18 To obtain MeT-HTTA the strategy of modifying the
acetylthiophene reagent via Suzuki coupling was adopted. Spe-
cifically 5-bromo-2-acetylthiophene reacted with the 5-(2-methyl-
thiophene)-boronic acid pinacol ester to afford the intermediate
ketone, which was later transformed by a Claisen type condensa-
tion with ethyltrifluoroacetate, into the corresponding diketone
MeT-HTTA. 8-Bromooctyl-2-thienoyltrifluoroacetone (BrC8-
HTTA) was prepared by acylation with acetic anhydride and
phosphoric acid19 of 2-(8-bromooctyl)thiophene, obtained fol-
lowing the procedure reported in the literature,20 and subsequent
Claisen condensation of ethyltrifluoroacetate on the terminal
ketonic group.17 NMR spectroscopy of the β-DK ligands in CDCl3
as the solvent shows the presence of both ketonic and enolic
tautomers for HDTDK, BrC8-HTTA, and Br-HTTA, although
in a different ratio (15% for the first, 10% for the second, and less
than 1% for the third one, this last percentage slightly increases in
a more polar solvent as deuterated acetone); while for MeT-
HTTA as well as for HTTA only the signal of enolic form is
apparent. The stronger pushpull character of the latter group of
molecules can be related to the enolic form stabilization.21
The complexes Eu(Ligand)3Phen were synthesized from
EuCl3 3 6H2O and the corresponding diketonate in EtOH/water
with phenanthroline as the ancillary ligand as described byMelby
et al.22 and reported in Scheme 2.
In the case of 5-methylthien-2-yl, higher yields of complex
were attained only by using 1:5 EtOH:THF as the solvent, to
maintain the ligand enolic anion in solution. The complexes are
poorly soluble in most organic solvents except for acetone. They
are partially soluble in CH2Cl2, CHCl3, and EtOH. The com-
plexes were characterized by 1H, 13C NMR spectroscopy, (see
also below results and discussion on paramagnetic NMR). 13C
NMR spectrum was carried out only in the case of adequate
solubility of the complex. FTIR and UVvis spectroscopy,
cyclovoltammetry (presented in Supporting Information, Table
S1 and Figure S1), elemental analysis, MALDI-TOF mass
spectrometry determination together with XRD analysis, when
single crystals could be obtained, were performed to complete
the characterization. The two last analyses andNMR integrals are
in agreement with a Ligand:Phen:Ln ratio of 3:1:1. In the
MALDI-TOF experiments, in some cases, exchanges among
the ligands was observed, and also the matrix taking part in this
process. Deeper investigations are in progress with diﬀerent
matrixes to clarify the matrix eﬀect and will be the object of a
forthcoming paper.
Photophysical Characterization. The optical properties of
Eu(III) complexes have been studied for both CH2Cl2 diluted
solutions and solid-state (thin film) samples by absorption,
steady-state and time-resolved emission spectroscopy, and over-
all PL-QY measurements.
In Figure 1, the absorption spectra of the ligands in solution
(a) and of all the complexes in solution and as thin ﬁlm (b) are
shown. The broad bands of the ligand absorption show their
maximum (λmax) ranging from 250 to 375 nm and absorption
edges up to 430 nm. The exception being MeT-HTTA whose
λmax is equal to 415 nm. The absorption proﬁles of the complexes
dominated by the ligand absorption are almost identical for the
samples measured in solution as well as in thin ﬁlms. As expected
the edge of the absorption band for the thin ﬁlms is slightly red-
shifted.
The sensitization pathway in Ln(III) complexes generally
consists of excitation of the ligand into its singlet excited state,
subsequent ISC to its triplet state, and ET from the triplet state of
the ligand to the Ln(III) ion.1,5a,9b
To determine the energy of the triplet state of the ligands
versus energy states of Eu(III) ions, the phosphorescence spectra
of the frozen solution of the corresponding Gd3þ complexes,
Scheme 2
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considering the 00 transition, were measured7b (Supporting
Information, Figure S2). The energy values of the triplet levels of
the ligands in complexes were as follows: TTA (502 nm,
19920 cm1), BrC8-TTA (511 nm, 19569 cm1), and Br-
TTA (521 nm, 19194 cm1), which places them between the
5D2 (465 nm, 21500 cm
1) and 5D1 (524 nm, 19070 cm
1)
excited states of the metal ion.23 As already shown by Chen
et al.,24 the introduction of an electron donor substituent on the
TTA ligand provokes a bathochromic shift of the triplet state
energy level. The energy of the triplet state of DTKT (531 nm,
18832 cm1) is close to the 5D0 (578 nm, 17300 cm
1) level of
Eu(III).2 The energy of the triplet state of the ligand MeT-TTA
was hard to determine because the ligand ﬂuorescence in the
corresponding Gd(MeT-TTA)3Phen frozen solution overlaps
the phosphorescence, indicating that the triplet state was scarcely
populated. A value around 526 nm, 19011 cm1, too close to 5D1
to prevent metalligand BT, was estimated. A diagram of the
most probable states involved in the photophysics of the Eu(III)
complexes is reported as inset in Figure 1.
Figure 2 presents the emission spectra recorded for all the
complexes in solution (Supporting Information, Figure S3
for PL spectra of the ﬁlms). These emission spectra show typical
Eu3þ PL features corresponding to the transitions 5D0 f
7F0
(around 580 nm), 5D0 f
7F1 (592 nm), the hypersensitive
5D0f
7F2 (615 nm),
5D0f
7F3 (around 635 nm), and
5D0f
7F4 (around 685 nm). The intensity of the
5D0f
7F2 transition
(electric dipole) is greater than that of the 5D0f
7F1 transition
(magnetic dipole) suggesting that the coordination environment
of the Eu3þ ion is free from an inversion center. The emission
spectra of Eu(III) complexes do not exhibit the ligand centered
transition, signifying that there is an eﬃcient intramolecular ET
from the β-DK ligand to the Eu3þ ions.
It is well established in the literature that for Eu(III) β-DK
complexes, the largest PL-QY is observed when the energy of the
triplet state of the ligand is close to the energy of 5D1 level of
Eu(III) by keeping to the following phenomenological rule ΔE
(T1*  Ln* emissive level) in the range 25003500 cm1.5a,25
For these reasons, high PL-QY should be expected from
Eu(TTA)3Phen, Eu(Br-TTA)3Phen, Eu(TTA)2(Br-TTA)Phen,
and Eu(BrC8-TTA)3Phen complexes, while for Eu(DTDK)3-
Phen and Eu(MeT-TTA)3Phen the feeding state becomes too
close to the energy of the 5D0 (the emitting state) and the
5D1
respectively, and BT operates.
To verify this behavior, the steady-state PL-QY of solutions
and ﬁlms (presented in Table 2) as well as the emission
decay measurements of solutions at room temperature were
carried out. The recorded PL-QY values for thin ﬁlm are in
the range from 0.72 for Eu(TTA)3Phen (which is in agree-
ment with the value reported in literature)26 to 0.41 for both
Eu(TTA)2(Br-TTA)Phen and Eu(BrC8-TTA)3Phen, 0.34 for
Eu(Br-TTA)3Phen, down to less than 0.01 for Eu(DTDK)3Phen
and Eu(MeT-TTA)3Phen, indicating an almost complete quen-
ching of the emission in these latter ones.
Figure 2. PL spectra of the complexes in CH2Cl2 solution [10
5 Mol
L1] by exciting at 350 nm. Inset, time-resolved emission spectra of the
complexes in solution.
Figure 1. Normalized Absorbance of ligands in CH2Cl2 solution [10
5 mol 3 L
1] (a), Eu(III) complexes (b) in CH2Cl2 solution [10
5 mol 3 L
1]
(solid-line) and in ﬁlm (dotted-line). In the inset, diagram of the most probable states involved in the photophysics of the Eu(III) complexes.
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In CH2Cl2 solution, the PL-QY of Eu(TTA)3Phen decreases
to 0.48 as reported in the literature,26 while the PL-QY values of
the other complexes are substantially unmodiﬁed with respect to
the corresponding ﬁlm (Table 2).
To evaluate the eﬃciency of the Eu(III) sensitized emission,
its 615 nm luminescence decay proﬁles (Figure 2 inset) were
measured in solution upon excitation of the ligand absorption
band at 355 nm. The PL decay proﬁles measured for all the
samples are well ﬁtted by a single-exponential function, which
indicates that the Eu(III) ions are placed in a unique symmetry
site with a lifetimes (τobs) in the range 0.500.71 ms (see
Table 2), typical for Eu(III) organic complexes with β-DKs.27
Such a long τobs is, however, not observed for Eu(DTDK)3Phen
that exhibits 0.005 ms lifetime (i.e., strong emission quenching).
It is worth to underline that the trend observed for transient
decays in the solutions is the same as for PL-QY.
The ligands must protect Eu(III) from the external sources of
nonradiative deactivation (like water and solvents molecules),
and provide eﬃcient light harvesting and ligand-to-metal ET
(ηsens) to achieve high PL-QY values. To get a better under-
standing of the radiative and nonradiative pathways, the PL
eﬃciencies of Eu(III) complexes in solution are analyzed in
terms of the equation8b,28
PL-QY ¼ ηsens  PL-QYintr ¼ ηsens 
τobs
τrad
 
where PL-QYintr is the intrinsic PL-QY of Eu(III), ηsens is the
eﬃciency of the ligand-to-metal ET, and τobs and τrad are the
observed and the radiative lifetimes. The details of the calcula-
tions were reported in ref 28.
The overall PL-QY, the relative integrated intensity of the
5D0f
7F2 transition with respect to that of the
5D0f
7F1 transi-
tion band (A21), the radiative (ARAD) and nonradiative (ANR)
decay rates, and ηsens for all complexes in solution are presented
in Table 2.
Because of the extremely fast emission transient decay and
very low PL-QY of the Eu(DTDK)3Phen, the calculated values of
ηsens and ANR are senseless. The very low PL-QY of this complex
is probably related to ineﬃcient intramolecular ET between
ligand and metal ion caused by the very low energy of the triplet
state of DTDK.
On the contrary, all the remaining complexes exhibit the same
high ηsens as the Eu(TTA)3Phen suggesting that the matching
diﬀerences between the energy of the triplet level of the ligand
and the 5D1 energy level of the Eu(III) ion cannot be applied as a
simple explanation, and nonradiative decay mechanisms must be
taken into consideration. Indeed the nonradiative deactivation
rates are two times higher for all the complexes than the one
calculated for Eu(TTA)3Phen.
In Table 2 the PL-QY measured on a ﬁlms of all the samples
are reported too. As already mentioned an increase of the value
related to Eu(TTA)3Phen complex with respect to that one of
solution is observed. Paramagnetic NMR analysis clearly indi-
cates an augmentedmolecular symmetry in solution as compared
with solid state (cf. XRD and NMR data below).
As the magnetic-dipole transitions 5D0f
7F1 are nearly in-
dependent of the ligand ﬁeld, they can be used as an internal
standard to account for ligand diﬀerences.29 The electric-dipole
transitions 5D0f
7F2, are sensitive to the symmetry of the
coordination sphere. The A21 ratio in the lanthanide complex
measures the symmetry of the coordination sphere.30
In the solid state the distortion of the symmetry around the
Eu(III) ion enhances the probability of the electric-dipole
transition implying increased PL-QY values. Moreover, PL-QY
depends on the ηsens values which are in their turn related to the
distance of the Eu ligands.1 Considering that the intramolecular
ligand-to-Eu ET are almost complete in solution and the
ligandmetal distances vary less than 0.01 nm in the solid state
for all the TTAs complexes (see below), the variation of ηsens
should not inﬂuence PL-QY in our case. Indeed the PL-QY
increment is veriﬁed for Eu(TTA)3Phen only. The deactivation
processes already evidenced in solution must take place in the
solid state too and are probably even more important.
Although OH oscillators, for example, as in bound water
molecules, are the most eﬀective quenchers both in the solid
state and in solution, clear evidence for the quenching eﬀect of
higher harmonics of NH, CH and CdO, which are less
eﬃcient oscillators, is provided;31 thus, a deeper analysis of the
possible deactivation processes has to be performed.
To give further insight into the quenching processes, speciﬁ-
cally to justify the trend observed for PL-QY and the lifetime of
the complexes, structural determinations both in solid state and
in solution have been carried out. The geometry of the complexes
has been compared with that of other complexes whose crystal-
lographic data are reported in the literature.
Crystal Structures of Eu(Br-TTA)3Phen and Eu(DTDK)3-
Phen. The crystal and molecular structures of three Eu(III)
complexes of the series were solved. We report here data related
to Eu(Br-TTA)3Phen and Eu(DTDK)3Phen, while the data for
Eu(MeT-TTA)3Phen are provided in the Supporting Informa-
tion in view of the mosaic spread of the crystals, preventing
Table 2. Overall PL-QY of All the Complexes in Film and Solution [CH2Cl2, 10
5 M ], the Relative Integrated Intensity of the
5D0f
7F2 Transition with Respect to That of the
5D0f
7F1 Transition Band (A21),
5D0 Lifetime (τobs), Radiative (ARAD) and Non-
Radiative (ANR) Decay Rates, Intrinsic PL-QY of Eu(III) (PL-QYintr), and the ET Eﬃciencies (ηsens) in Solution
ﬁlm solution
complex PL-QY A21 PL-QY A21 τobs (μs) ARAD (s
1) ANR (s
1) PL-QYintr ηsens (%)
Eu(TTA)3Phen 0.72
a 18.4 0.48 15.6 710 713 695 0.51 95
Eu(TTA)2(Br-TTA)Phen 0.41
b 0.43 14.7 610 736 903 0.45 96
Eu(BrC8-TTA)3Phen 0.41
b 0.43 14.9 550 748 1070 0.41 ≈100
Eu(Br-TTA)3Phen 0.34
a 17.3 0.37 13.3 500 729 1271 0.36 ≈100
Eu(DTDK)3Phen <0.01
a 14.8 0.01 14.7 5 843 0
Eu(MeT-TTA)3Phen <0.01
a <0.01
a Semicrystalline ﬁlm. bAmorphous ﬁlm. Estimated relative errors: τobs, ( 2%; PL-QY, ( 10%; τrad, ( 10%; PL-QYintr, ( 12%; ηsens, ( 22%.
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accurate crystal structure refinement. All of them are character-
ized by quite expected geometries on the basis on the crystal-
lographic findings of the archetype complex, that is, Eu(TTA)3-
Phen crystal.32 The main features of the crystal data and the
structural resolution are reported in Table 1, while in Figure 3
and 4 the corresponding crystal packings are shown.
The octa-coordination at Eu-atom is quite distorted, namely,
instead of the expected value of 180, the average plane of two
opposite β-DK forms an angle ranging from ∼164 for Eu-
(DTDK)3Phen to 151 for Eu(Br-TTA)3Phen and to 146 for
Eu(MeT-TTA)3Phen, while the corresponding angle between
Phen and the remaining β-DK residue is contracted from∼146
in Eu(DTDK)3Phen to∼140 in Eu(Br-TTA)3Phen or constant
(151) in Eu(MeT-TTA)3Phen. The diﬀerent packing arrange-
ment motif in these three crystals is clearly attributed to the
presence of a solvent molecule, completely conﬁrmed in the
crystal structure of the parent complexes Eu(TTA)3(Phen)
32
and Eu(TTA)3BipyCO,
33 namely, in the latter case a toluene
molecule is present.
Speciﬁcally, in the absence of any clathrated molecule the
crystal packing consists in the facing of adjacent Phen ligands
allowing for a EuEu separation over 0.9 nm (Table 3 below).
Conversely when solvent molecules are included into the crystal,
Phenmolecules cannot face, adjacentβ-DK residues partially overlap,
and a remarkable reduction of the packing factor occurs, namely,
in crystals of Eu(DTDK)3Phen the packing factor value drops to
0.62 to be compared with the close packed crystal value (g0.7).
Comparison of Structures of Eu(III) Complexes. To shed
light onto photophysical properties observed in the series of
Eu(III) complexes containing thiopheneβ-DK and Phen ligands,
shown in Scheme 1, some structural features were taken into
account and compared, for example, the shortest metalmetal
distances, the europium-ligand distances, and the angle formed
by EuOO and β-DK residues planes in the crystals considered.
All these values are reported in Table 3. Amore complete analysis
including crystal structures of complexes containing bisphenyl-
(1,3-β-diketonate) and bipyridyl ligand is reported in the Sup-
porting Information.
The closest EuEu distances range from 0.893 to 1.054 nm
(see line 4 of Table 3); this fact implies that the metalmetal
interaction, possibly contributing to quenching the emission,
cannot be accounted for as the main parameter aﬀecting the
Figure 3. (a) a axis view of the crystal packing of Eu(Br-TTA)3Phen complex; (b) ORTEP plot with thermal ellipsoid probability of 50%.
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emission properties. As a matter of fact, an energy minimization
calculation, using the COMPASS program of the MATSTUDIO
package,34 on Eu(BrC8-TTA)3Phen molecule, whose bulky
ligands allow for larger metal separation, gives values ranging
from 1350 to 1400 kcal/mol by varying the EuEu distances
from 0.95 to 1.7 nm.
Figure 4. (a) Crystal packing of Eu(DTDK)3Phen complex, viewed along b axis; (b) ORTEP plot with thermal ellipsoid probability of 50%.
Table 3. Comparison among EuO, EuN, and EuEu Distances (nm) in Eu(III) Complexes with Phenanthroline and
Thiophene β-DK Ligands, Together with the Angles (deg) Formed by EuOO and β-DK Residue Planes in the Crystals of the
Considered Complexes
complex
geometric parameter Eu(TTA)3Phen Eu(Br-TTA)3Phen Eu (DTDK)3Phen
a Eu(MeT-TTA)3Phen
b
average EuO distance 0.2362 0.2359 0.2357 0.2628
crystal esd e0.0016 nm
average EuN distance 0.2594 0.2594 0.2628 0.2572
crystal esd e0.0010 nm
shortest EuEu distance 0.976 0.980 0.893 1.054
crystal esd e0.0010 nm
EuOOβ-DK1 12 21 20 20
EuOOβ-DK2 1 g1 6 g2
EuOOβ-DK3 e2 3 14 17
aTwo tetrahydrofuran molecules are clathrated in the crystal. bBecause of the low quality of the crystals, the values are aﬀected by a large esd of 0.005.
5426 dx.doi.org/10.1021/ic1021164 |Inorg. Chem. 2011, 50, 5417–5429
Inorganic Chemistry ARTICLE
The range of EuOdistances is comprised within 3σ (line 2 of
Table 3), hence fairly signiﬁcant, while the range of EuN
distances exceeds 6σ (line 3 of Table 3), clearly meaningful.
Speciﬁcally the EuN distances enlarge in the case of short
EuEu contacts, as detected in Eu(MeT-TTA)3Phen character-
ized by very loose crystal-packing.
However, a clear correlation with photophysical behavior of
TTA type Eu(III) complexes cannot be evinced; hence, we
conceived the angles between mean molecular planes involving
EuOO and β-DK residues, which map the juxtaposition of
molecular orbitals (MO) raised from ligand ﬁeld theory of f
electrons of the Eu atomwith the lone pair n-orbitals of the ligand
oxygen atoms.35 This determines the eﬀectiveness of the ET
betweenmetal to ligand or vice versa, even in the case of distorted
octahedral coordination. Speciﬁcally the a2u MO antibonding of
Eu(III) will overlap with the n-orbitals of oxygen of the β-DK
groups linked to the metal, and such a superimposition is as
eﬃcient as small are the angles between the planes. In lines 57
of Table 3 such values are reported for selected complexes.
It is evident that in the case of the Eu(TTA)3Phen complex the
sum of the angles is clearly reduced (<15) while in all the other
compounds, the value exceeds 25, clearly indicating a diﬀerent
electronic environment to the metal, that is, less eﬃcient over-
lapping of f (Eu) and n (O) orbitals.
Finally a crucial eﬀect onto emission properties has been
checked, namely, the distance of the aromatic H atoms from the
metal and the number of such contacts.31b In Table 4 such
relevant distances, lower than 0.7 nm, are reported for selected
crystal structures of Eu(III) complexes. The H atoms were
considered conventionally at 0.093 nm from the carbon atom
to which they are bonded. Diﬀerent types are distinguished in
Scheme 3, with the label corresponding to the column of Table 4.
The number of aromatic-H contacts, playing a relevant role in
quenching the complex emission, is indicated in parentheses for
each H-type. In all crystal structures examined the closest EuH
contacts involve H atoms near to Phen N-atoms (column 2 of
Table 4); however other signiﬁcant contacts should be considered,
that is, the H atom of the β-DK residue (column 3 of Table 4)
and the H atom of the thienyl ring closer to the β-DK group
(column 4 of Table 4). The other closer contacts are indicated in
column 5 of Table 4. According to diﬀerent chemical constitu-
tion of the ligands, the number of such contacts changes, namely,
it doubles when the CF3 group is substituted by a thienyl residue.
Indeed only an accurate analysis permits to extract signiﬁcant
diﬀerences to evince any trend, that is a reduction of distances of
type 3, 4, and 5 is observed comparing the ﬁrst, second, and
fourth complexes, while the type 4 number of contacts is doubled
in the third compound with respect to Eu(TTA)3Phen. Hence
the eﬀectiveness of aromatic-H quenching should be augmen-
ted, consistent with the trend of measured PL-QY (see optical
section). However, for the third complex and for Eu(MeT-
TTA)3Phen the main cause of PL-QY decrease should be
attributed to the reduced ET related to the corresponding ligand
triplet state energy. In fact, moving from solid state to solution no
variation of PL-QY value can be observed. In summary, both the
angles between planes (Table 3) and HEu distances (Table 4)
can tune the observed variation of PL-QY in the selected
complexes.
Solution NMR Analysis. The 1H NMR spectrum of Eu-
(TTA)3Phen (see Scheme 4 for the numbering) in CDCl3
solution consists of eight reasonably narrow lines displaying a
moderate paramagnetic shift (on the average about 1.5 ppm),
allowing for the immediate assignment based on the coupling
patterns of thiophene and Phen.
The presence of one set of signals is at odds with the XRD
geometry, where the complex displays C1 symmetry and conse-
quently the three TTA ligands should give rise to diﬀerent sets of
signals. Lowering the temperature to 40 C did not lead to
signiﬁcant line-broadening, which suggests a static structural
rearrangement leading to a real C3 structure, rather than a
dynamic process. To gain insight into the geometry of this
system, we decided to switch to lanthanides inducing larger
paramagnetic shifts. The rationale for doing so is that a dynamic
process which appears fast on the time scale dictated by the small
paramagnetic shifts induced by Eu(III) may become slow or at
least intermediate for a lanthanide spreading the signals over a
much wider range. The ﬁrst choice in this respect was Tb(III),
which is reasonably close to Eu(III), but is associated to a much
larger magnetic anisotropy.3638 As expected, the 1H spectrum
spans a much wider range, from30 toþ23 ppm with some line
broadening, which is anyway not too severe, given the relaxation
properties of this ion (the broadest line has a width less than 150
Hz, but there are two lines less than 15 Hz wide), which once
more points against the dynamic rearrangement. We may recall
that at 14.1 T, the expected line-width of a proton separated by
0.5 nm from Tb(III), in a complex of size comparable to the
present ones, is around 210 Hz.38
Table 4. Comparison among Shortest EuH Distances (nm) in Selected Complexesa
complex/type Phenb CH-β-DKc closest-residued next closest-residued,e
Eu(TTA)3Phen 0.350(2)/0.552(2) 0.476(3) 0.646(3) 0.662(4)
Eu(Br-TTA)3Phen 0.344(2)/0.550(2) 0.471(3) 0.621(3) 0.651(4)
Eu(DTDK)3Phen 0.346(2)/0.552(2) 0.470(3) 0.628(6) 0.651(4)
Eu(MeT-TTA)3Phen 0.333(2)/0.551(2) 0.467(3) 0.609(3) 0.639(4)
aH-atoms are conventionally placed at 0.093 nm to the carbon to which they are bonded. Only the average values less than 0.7 nm are considered. The
average contact number is indicated in parentheses. For the H-type see Scheme 3. bH-atoms belonging to Phen residues (H1, H2). cH-atom of three
β-DK moieties (H3). dH-atoms of thienyl rings (H4). eH-atom of Phen residues (H5).
Scheme 3
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Because this matter appeared of great relevance for under-
standing the geometry of the red-emitting species in solution, we
prepared a series of Ln(TTA)3Phen, with Ln = La, Pr, Eu, Tb,
Tm, Yb, and Lu, and measured 1H spectra and longitudinal
relaxation times T1 on all of them (Supporting Information,
Table S6). In no case did we observe more than the expected 8
signals, but sometimes we could not identify some. While the
assignment of the diamagnetic species together with Eu was
straightforward, because of the coupling and chemical shift
patterns, for the other paramagnetic systems we took advantage
of the longitudinal relaxation rates, as described below, and
veriﬁed this assignments with two-dimensional (2D) correlation
(COSY) for Yb and Pr.
In paramagnetic systems, when one can exclude chemical
exchange and contact relaxation, nuclear relaxation is aﬀected
and often dominated by two interactions, dipolar and Curie
terms.39 These two mechanisms provide terms to the observed
relaxation rate Fobs, that add up to what can be regarded as an
intrinsic diamagnetic term Fdia, which is what one would have in
the absence of paramagnetism and can be very appropriately
estimated through the diamagnetic La or Lu analogues. Both
dipolar and Curie terms contain an explicit dependence to the
nucleus-Ln3þ distance, r, and are proportional to 1/r6. Thus the
observed relaxation rate can be written as
Fobs ¼ Fdia þ Fdipolar þ FCurie ¼ Fdia þ const
r6
ð1Þ
where the constant in the last term depends on the electronic and
reorientational correlation times but can ultimately be treated as
a heuristic parameter to be ﬁtted. The above equation holds for
both longitudinal and transverse rates.
To assign the spectrum of a paramagnetic Ln(TTA)3Phen
(Ln = Pr, Tb, Tm, Yb), in a very ﬁrst approximation, we neglected
the diamagnetic term Fdia and tentatively postulated isostructurality.
In this case, the i-th proton in the various complexes with
diﬀerent Ln would have the same distance r from Ln, and the
paramagnetic longitudinal relaxation rate for proton i, in the
complex with Ln, Fipara(Ln), would be proportional to the one of
the Eu complex. With all these approximations, we may expect
Fobsi ðLnÞ  Fobsi ðEuÞ ð2Þ
For each complex with a certain Ln, we sorted the observed
rates in ascending order, and we could immediately verify the
proportionality with the data obtained for Eu. This procedure
leads to linear plots of Fiobs(Ln) vs Fiobs(Eu) (Supporting In-
formation, Figure S5S8). This simple fact demonstrates two
important things: (1) chemical exchange (as well as other
mechanisms) can be ruled out as a source of longitudinal
relaxation; (2) from the point of view of LnH distances, the
complexes are isostructural.
As a side observation we can mention that indeed Fdia plays a
minor role.
This procedure allowed us to assign the proton resonances.
Only proton 2 on Phen here indicated as P2 is elusive, but in fact
it appears broadened not only in Eu, but also in La and Lu
spectra.
Once this assignment wasmade, we veriﬁed it for Pr and Yb, by
homonuclear correlation (COSY) (Table 5 and Supporting
Information, Figure S9S10).
The observed shifts allowed us to extract the paramagnetic
term, which could be used for a further check of the isostructur-
ality along the series, by plotting δpara(Ln)/ÆSz(Ln)æ. These plots
were linear for Ln = EuYb, but not for Pr, which indicates that
Pr(TTA)3Phenmay have a diﬀerent structure. This, put together
with the observation made above of proportionality in the
relaxation rates, may be interpreted with a diﬀerent coordination
number because of diﬀerent axial ligation for Pr. Since anyway we
were interested in the Eu complex, we did not further investigate
the lighter lanthanide.
The separation of contact and pseudocontact terms was
attained by means of Reilley’s method on the data for EuYb,
and the pseudocontact shifts (δPC or PCS) were used for
structural optimization, together with the relaxation rates by
means of the program PERSEUS.38 As the diamagnetic refer-
ence, we used the data of Lu(TTA)3Phen.
Since we know that there is a structural rearrangement leading
to C3 symmetry, it is clear that the X-ray crystal structure cannot
be used as the input. Therefore, we optimized separately the TTA
part and Phen.
For TTAwe could ﬁnd 4 1H PCS and 4 longitudinal relaxation
rates. The latter ones are fully compatible with the X-ray structure,
whichmeans that the location of Lnwith respect to the individual
Scheme 4
Table 5. Observed 1H and 13C Shiftsa and Longitudinal
Relaxation Rates (s1) for Yb(TTA)3Phen and
Lu(TTA)3Phen
1H 13C
position δYb δLu F1Yb F1Lu δYb δLu
T3 3.53 7.57 21.3 0.57 123.1 129.8
T4 5.89 7.02 2.5 0.44 126.0 127.9
T5 6.93 7.49 2.5 0.31 130.5 132.4
CH 10.2 6.12 40.0 0.55 56.3 92.3
P2 3.8 9.67 >100 0.61 ND 151.8
P3 12.8 7.81 18.2 0.60 136.0 ND
P4 18.2 8.37 10.6 0.61 155.3 137.6
P5 19.3 7.82 8.4 0.61 144.8 125.8
a Parts per million (ppm) referred to the residual solvent signal at 7.26
ppm and 77.0 ppm, respectively.
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β-DK is correct to the best of our paramagnetic NMR data.
Because the complex is axially symmetrical, the magnetic anisot-
ropy is fully described by one parameter D and two Euler angles
deﬁning the orientation of this rod-shaped anisotropy with
respect to the ligand. These two parameters were optimized
through PERSEUS, aﬀording the structure of the Ln(TTA)3
moiety represented in Figure 5.
For the Phen ligand we identiﬁed only 3 PCS because protons
P2 and P3 were not detected with certainty in the Tb spectrum;
on the other hand, because P3was clearly seen in Eu, Tm, and Yb,
we could use its relaxation rate, as well. For symmetry reasons,
Phen must lie exactly on the C3 axis; thus, in principle the
parameters D and angle θ determined above should completely
ﬁt the experimental data, which appeared unsatisfactory, leading
to an agreement factor R > 9%. Accordingly, the geometry was
allowed to vary, by changing the distance of the ligand from Ln,
while maintaining it along C3. By so doing a good solution was
found, where the ligand is moved 0.04 nm away from Ln.
All of the above ﬁndings may suﬀer of the very limited number
of experimental data because of the few protons in the ligands.
Observing that the contact shifts for Yb are usually small and that
they anyway provide a contribution to the total paramagnetic
shift which is scattered in magnitude and sign, we decided to
neglect it altogether, but at the same time to take full advantage of
the 13C shifts, as well, as determined by heteronuclear correla-
tion. The result is not signiﬁcantly diﬀerent from what was found
above and is summarized in Tables 6 and 7.
We moved on to study the complex including the brominated
ligand Br-TTA shown in Scheme 4. In this case we focused only
on the Yb system. By mixing 1 equiv of Br-TTA with 2 equiv of
TTA during the synthesis of the complex, we obtained a perfectly
statistical distribution of the species incorporating 0,1,2,3 bro-
minated units. These are most easily identiﬁed by monitoring the
CH resonances, which are the most spread. No exchange
between these forms in the time scale of our EXSY spectra
(100 ms) takes place. Although a detailed analysis is rather
involved, the observed shifts are compatible with the structure
described above for all of the complexes of this mixture. The
spread in the observed shifts has to be attributed only to a modest
diﬀerence in the constant D, but we are presently unable to
speculate on its origin.
The situation is not much diﬀerent for the complex incorpor-
ating three alkylated TTA units in Ln (BrC8-TTA)3Phen.
As a conclusion, Ln(TTA)3Phen in CHCl3 solution, as well as
the derivatives containing brominated or alkylated TTA, must be
depicted as undergoing a major structural rearrangement with
respect to the crystal state, leading to a real C3 symmetry of the
TTA portion and with the ligand Phen capping the distorted
trigonal antiprism of the 6 oxygen atoms of TTA ligands. The
LnPhen distance is somewhat elongated (e.g., YbN attains a
value of 0.286 nm). It is interesting to observe that by means of
EXSY experiments we observed that there is exchange between
free and bound Phen. This process is slow on the time scale of the
paramagnetic spectrum provided by Yb, that is, neither shift nor
relaxation rates of the bound form are aﬀected by this exchange.
On the contrary, TTA is ﬁrmly bound to the lanthanide.
PL-QY Correlation. Optical and structural characterizations
strongly address the ranking of PL-QY in the series of complexes
both in solid state and in solution. XRD solid state structural
determination and solution paramagnetic NMR experiments
contribute to deepen the knowledge of TTA Eu complexes,
particularly they evidence along the series a change of sym-
metry and a variation of the Eu-ligand distances below 0.05 nm
moving from solution to solid state. Moreover, fine structure
details in crystal structures reveals that the number of H-atom
near to Eu(III) ion together with the angle between EuOO
and diketonate planes strongly affect the Eu emission, namely,
the increase of both factors largely contributes to lumines-
cence quenching.
In solution, paramagnetic NMR shows that the symmetry
level increases, producing a decrease of Eu(TTA)3Phen PL-
QY although the accuracy of their determination prevents an
appreciation of how the Euligand distances vary along with
the TTA series; hence, we cannot fully correlate these with the
diﬀerent nonradiative (ANR) decay rates calculated for TTA
complexes.
Figure 5. Optimized structure for the Ln(TTA)3 portion in solution
based on the analysis of paramagnetic NMRdata. Left: view from the top
(along the C3 axis); right: view from the side. Phen moiety is omitted for
clarity.
Table 6. Experimental Total Paramagnetic Shifts and Cal-
culated PCS for Yb(TTA)3Phen, Relative to the Yb(TTA)3
Moiety Onlya
position δpara(exp) δpc(calc)
1H T3 4.04 4.18
T4 1.13 1.51
T5 0.56 1.95
CH 16.32 11.8
13C T3 6.7 5.18
T4 1.9 2.63
T5 1.9 2.86
CH 36 37.75
aThe agreement factor R = 1.8%; the magnetic anisotropy constant D =
2200 (200) ppm Å3.
Table 7. Experimental Total Paramagnetic Shifts and Cal-
culated PCS for Yb(TTA)3Phen, Relative to the Yb(Phen)3
Moiety Onlya
position δpara(exp) δpc(calc)
1H P3 4.99 1.23
P4 9.83 8.41
P5 11.48 10.80
13C P4 17.70 14.30
P5 19.00 17.29
aThe Yb-Phen distance was allowed to change and increased by 0.4 Å,
with respect to the x-ray structure, while the magnetic anisotropy
constant D was kept ﬁxed at the value found above (D = 2200
ppm Å3). Agreement Factor R = 3.4%.
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’CONCLUSIONS
A series of Eu(III) complexes based on the β-diketonate moiety
was prepared, studied in detail, and compared with analogous
compounds already known. Steady-state and time-resolved emission
spectroscopy, overall PL-QYmeasurements, intimate ﬁne structural
features determined by XRD crystal structure, molecular model-
ing, and solution paramagnetic NMR analysis allowed us to
justify the PL-QY ranking in the series both in solid state and in
solution. While for β-diketonate complexes containing more
thiophene rings the energy of the ligand triplet state explains the
measured values of PL-QY, for the TTA type complexes ﬁner
consideration must be considered on the quenching due to the
coupling of the Eu(III) excited state with the second overtone of
proximate aromatic CH oscillators (νCH ∼3050 cm1).
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   Experimental 
The NMR characterization of ligands has been performed using Bruker Advance 400 and 270 
spectrometers. Gas Chromatography (GC) mass spectrometric determination of ligands and their 
precursors was carried out using Agilent Technologyes 7890A GC System coupled with a Agilent 
Technologyes 5975C VL MSD with triple-axis mass detector. UV-Vis absorption spectra of ligand 
methylenchloride (CH2Cl2) solutions and films were measured with a Lambda 900 Perkin-Elmer 
spectrometer. FTIR spectra  of ligands were taken on a Perkin Elmer 2000 FTIR spectrometer.  
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Synthesis of ligands. 
Synthesis of  5-(8-bromooct-1-yl)thiophen-2-yl)ethanone 
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Synthesis of β-diketone ligands 
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Scheme S1: Synthetic procedure for ligand preparation  
 
 
  5-(methylthiophen-2-yl)-2-acetylthiophene. The reaction was performed under nitrogen. 5-(2-
Methylthiophene)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (140 μL, 0.59 mmol) and 5-bromo-2-
acetylthiophene (104.1 mg, 0.51 mmol) were mixed in a round bottom Schlenk flask. 4.5 mL of a 2 
M aqueous solution of K2CO3 (9 mmol), and 9 mL of distilled THF were added, then 
benzyltriethylammonium chloride (TEBA) was added (30 mg, 0.17 mmol). The biphasic mixture 
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was purged (20 min bubbling nitrogen). The catalyst Pd(PPh3)4 was added (6 mg, 0.005 mmol) and 
the resulting yellow mixture was stirred and heated at 65°C for 16 h. After cooling, HCl (9 mL of a 
1N aqueous solution) was added to the light brown mixture. After extraction with Et2O, washing 
with water, drying over MgSO4, filtration and evaporation, the resulting yellow powder was 
chromatographied (eluent CH2Cl2). The product was obtained with 42% yield (47.6 mg, 0.21 mmol) 
as a bright yellow powder. MS (EI): 222 M+; 1H NMR  (CDCl3, 270 MHz, δppm, JHz): 7.56 (d, 1H, 3J 
= 3.6, Th), 7.11 (d, 1H, 3J = 3.6, Th), 7.07 (d, 1H, 3J = 4.0, Th), 6.71 (dm, 1H, 3J = 3.6, 4J = 1.2, 
Th), 2.53 (s, 3H, Me-Th), 2.50 (s, 3H, Me-CO). 13C NMR  (CDCl3, 68 MHz, δppm, JHz): 190.3 
(C=O/C-O), 146.3 (CIV Th, C-CO), 141.8 (CIV Th), 141.7 (CIV Th), 134.0 (CIV Th, C-Me), 133.3 
(CH Th), 126.5 (CH Th), 125.6 (CH Th), 123.3 (CH Th), 26.5 (Me-CO), 15.4 (Me-Th). 
  5-(8-bromooct-1-yl)thiophen-2-yl)ethanone.  2-(8-Bromooct-1-yl)thiophene (2.61 mmol, 718 
mg) in acetic anhydride (26.1 mmol, 273 μL) was treated with few drops of H3PO4. The mixture 
was stirred at 70-75°C for 3 hours, then it was cooled to room temperature and poured into a 
saturated solution of NaHCO3 in H2O. The aqueous layer was extract with CH2Cl2 (30 mL x 3) and 
the combined organic layer was washed with H2O (30 mL x 3) then dried with anhydrous Na2SO4; 
the solvent was removed by rotavapor. The crude product was purified by silica column 
chromatography with hexane:CH2Cl2 (1:1) to give a white-yellow product (500.3 mg, yield 60.4%). 
1H NMR (CDCl3, 270 MHz, δppm, JHz):  7.53 (d, 1H, J=3.8Hz, Th), 6.81 (d, 1H, J=3.8 Hz, Th), 3.40 
(t, 2H, J=6.75 Hz, CH2Br), 2.83 (t, 2H, J=7.6 Hz, ThCH2), 2.51 (s, 3H, CH3CO), 1.90-1.80 (m, 2H, 
CH2CH2Br), 1.69-1.66 (m, 2H, ThCH2CH2), 1.45-1.34 (m, 8H, ThCH2CH2(CH2)4CH2CH2Br); FT-
IR [film CH2Cl2, ν (cm-1)]: 2930, 2859, 1660, 1455, 1359, 1278, 1069, 1028, 806. 
  5-(8-bromooct-1-yl)thiophen-2-yl)-4,4,4-trifluorobutane-1,3-dione (BrC8-HTTA). To a 
solution of sodium methoxide (2.27 mmol, 260 μL) in Et2O dry (0.8 mL), ethyl trifluoroacetate 
(2.079 mmol, 125 μL)  was added dropwise. After ten minutes 5-(8-bromooct-1-yl)thiophen-2-
yl)ethanone (1.89 mmol, 307.5 mg) was added and the mixture was stirred at room temperature 
overnight. The reaction was quenched with a solution of HCl 1M (10 mL), extracted with ethyl 
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acetate (15 mL x 3) then dried with dry Na2SO4; the solvent was removed by rotavapor. The crude 
product was purified by silica C-18 column chromatography with methanol:ethanol 7:3  as the 
eluent to give a yellow oil (133.7 mg, yield 15%). 1H NMR (CDCl3, 400 MHz, ppm, δppm, JHz ): 
7.68 (d, 1H, J=3.7 Hz, Th); 6.89 (d, 1H, J=3.7 Hz, Th); 6.37 (s, 1H, Hβ-DK enol form) 5.30 (s, 1H, 
Hβ-DK  keto form); 3.40 (t, 2H, J=6.8 Hz, CH2Br); 2.86 (t, 2H, J=7.6; ThCH2); 1.89-1.82 (m, 2H, 
CH2CH2Br); 1.73-1.68 (m, 2H, ThCH2CH2);  1.44-1.26 (m, 8H, ThCH2CH2(CH2)4CH2CH2Br) 13C 
NMR (100 MHz, CDCl3,. δppm): 182.8, 158.2, 136.9, 133.4, 126.7, 93.4, 34.0, 32.9, 31.4, 30.9, 29.8, 
29.2, 29.0, 28.7, 28.2. FT-IR [film CH2Cl2, ν (cm-1)]: 2934, 2856, 1604, 1490, 1283, 1197, 1154, 
1110, 799. Elemental analysis was  performed for C, H, S, atoms: Calc. for C16H20BrF3O2S: C, 
46.50; H, 4.88; S, 7.76. Found: C, 46.34; H 4.98; S, 7.65.  
  1,3-di(thien-2-yl)propane-1,3-dione (HDTDK). The synthesis was performed under nitrogen in 
Schlenk flasks using previously freshly dried THF. Sodium amide (1.80 g, 41.5 mmol,  90% pure) 
was added to the 2-acetylthiophene (2.525 g, 19.6 mmol) dissolved in THF (30 mL). The resulting 
solution turned to dark-red and was stirred at room temperature for 20 min. Ethyl-2-
thiophenecarboxylate (6.257, 39.7 mmol) in THF solution (5 mL) was then added to the reaction 
mixture which was heated at 60°C overnight. After cooling, the crude was poured into a HCl/ice 
mixture. The product was extracted with CH2Cl2, the organic phase was washed with H2O, dried 
over MgSO4, and evaporated. EtOH was added to the resulting light brown oil which was then 
cooled at -20°C overnight. Under these conditions the crude product solidified; it was thus more 
easily isolated, then was washed with pentane to obtain an ochre powder (4.22 g, 91%). Further 
purification could be achieved by recrystallisation in EtOH and several washings with pentane to 
get brilliant ochre needles (1st crop 2.81 g, 54 %). MS (EI): 236 M+; 1H NMR  (CDCl3, 270 MHz, 
δppm, JHz): diketone (15 %): 7.89 (dd, 2H, 3J  = 3.8 and 4J = 1.1, Th), 7.69 (dd, 2H, 3J  = 5.1 and 4J = 
1.1, Th), 7.12 (m, 2H, Th), 4.47 (s, 2H); ketoenol (85 %): 16.18 (broad s, O-H), 7.77 (dd, 2H, 3J = 
3.5 and 4J = 1.1, Th), 7.61 (dd, 2H, 3JHH = 4.9 and 4J = 1.1 Th), 7.12 (m, 2H, Th), 6.54 (s, 1H, 
C(O)CHC(O)). 13C NMR  (CDCl3, 68 MHz, δppm, JHz): diketone 185.4 (C=O), 143.3 (CIV Th), 134.2 
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(CH Th), 135.1 (CH Th) 128.4 (CH Th); 52.2 (CH2); ketoenol 178.6 (C=O/C-O), 140.5 (CIV Th), 
131.9 (CH Th), 129.9 (CH Th), 128.2 (CH Th), 92.5 (C(O)CHC(O). FT-IR [film CH2Cl2, ν (cm-1)]:  
3500 (br), 3105, 1540, 1410, 1385, 1240, 1100, 1060, 1025, 780, 750, 720 (br), 670, 660, 465. UV-
vis absorption (CH2Cl2 solution): λmax = 267 nm and 374 nm. Elemental analysis was  performed 
for C, H, S, atoms: Calc. for C11H8O2S2: C, 55.91; H, 3.41; S, 27.14. Found: C, 55.74 ; H 3.55; S, 
27.00. 
  5-bromo–2-thienoyltrifluoroacetone (Br-HTTA). The reaction was carried out under nitrogen. 
MeONa (5 mL, 25 wt% MeOH solution, 22 mmol) was poured via a syringe into dry Et2O (20 mL). 
To this solution  ethyltrifluoroacetate (2.4 mL, 20.2 mmol) and  2-acetyl-5-bromothiophene (4.1 g, 
19.9 mmol) were successively added at room temperature. The resulting mixture was stirred at 
room temperature overnight. Then Et2O (20 mL) was added to the mixture followed by  HCl 1N. 
The aqueous phase was neutralised and extracted with Et2O several times. The organic phases were 
gathered, washed, and dried over MgSO4. After filtration, the filtrate was evaporated to give a 
yellow powder which was further purified by sublimation under vacuum at 60 °C to give very 
brilliant pale yellow crystals with 65 % yield (3.903 g, 13.0 mmol, after sublimation). MS (EI): 
302-300 M+; NMR 1H (CDCl3, 400 MHz, δppm, JHz): 7.56 (d, J 3,4 = 3.8, 1H, Th), 7.17 (d, J4,3 = 3.8, 
1H, Th), 6.36 (s, 1H, C(O)CHC(O)). 1H NMR  (C3D6O), 270 MHz, δppm, JHz): 9.70 (s large, enolic 
proton), 8.08 (d, J 3,4 = 4.3, 1H, Th), 7.41 (d, J 4,3 = 4.3, 1H, Th), 6.86 (s, 1H, C(O)CHC(O)enol 
form) 4.74 (s, 1H, C(O)CHC(O)keto form . 13C NMR  (CDCl3, 100 MHz, δppm, JHz): 181.8 (s, C(O)-
Th), 170.6 (q, 2JCF = 36.6, C(O)CF3), 141.1 (CIV Th), 132.8 (s, CH Th), 132.0 (s, CH Th), 124.5 (CIV 
Th-Br), 117.7 (q, 1JCF = 279.9, CF3), 93.3 (s, C(O)CHC(O). FT-IR [KBr disk, ν (cm-1)]: 3095, 2945, 
2876, 1663, 1603, 1520,1420, 1350, 1182(s), 999, 926, 905, 806, 796, 687, 662, 609. UV-vis 
absorption (CH2Cl2 solution): λmax = 337 nm broad and 276 nm.  Elemental analysis was  performed 
for C, H, S, atoms: Calc. for C8H3BrF3O2S2: C, 33.71; H, 1.41; S, 11.25. Found: C, 33.88; H 1.32; 
S, 11.13. 
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  5-(methylthiophen-2-yl)thienoyltrifluoroacetone (MeT-HTTA). The reaction was preformed at 
room temperature under nitrogen. To 15 mL of freshly distilled Et2O in a round bottom flask  570 
μL of a MeONa/MeOH solution at 25 wt% (2.5 mmol of MeONa, 1.1 eq) were added. In the 
resulting white suspension ethyltrifluoroacetate (281 μL, 2.4 mmol, 1.05 eq) and 5-(5-
methylthiophenyl)-2-acetylthiophene (500 mg, 2.25 mmol, 1 eq) were successively introduced. The 
resulting mixture was stirred at room temperature for 20h under nitrogen.  Then it was neutralised 
with HCl (1N aq solution, 2.5 mL), extracted with Et2O, washed with water, dried over MgSO4, 
filtrated and evaporated giving quantitatively the diketone Me-T-HTTA. The compound was 
recrystallised from EtOH, giving a yellow powder which was eventually sublimated under vacuum. 
MS (EI): 318 M+, 1H NMR  (CDCl3, 270 MHz, δppm, JHz): 7.71 (d, 1H, 3J = 4.3, Th), 7.17 (d, 1H, 
3J= 3.8, Th), 7.14 (d, 1H, 3J = 4.1, Th), 6.74 (dm, 1H, 3J = 3.5, 4J = 1.4, Th), 6.39 (s, 1H, 
C(O)CHC(O)), 2.52 (s br, 3H, Me-Th). 13C NMR  (CDCl3, 68 MHz, δppm, JHz): 182.2 (C=O/C-O), 
148.3 (CIV Th), 142.7 (CIV Th), 133.8 (CH Th), 133.5 (CIV Th), 126.7 (CIV Th), 126.4 (CH Th), 
124.0 (CH Th), 93.3(C(O)CHC(O)), 15.5 (Me-Th). FT-IR [KBr disk, ν (cm-1)]: 3112, 3095, 2945, 
2876, 1640, 1520, 1453, 999, 926, 910, 860, 776, 707, 662, 609. Elemental analysis was  performed 
for C, H, S, atoms: Calc. for C13H9F3O2S2: C, 49.05; H, 2.85; S, 20.15. Found: C, 48.89 ; H 2.95; S, 
20.01. 
 
  Complex Characterization 
 
  Cyclovoltammetry: the analysis was performed in acetonitrile at room temperature under 
nitrogen in three electrode cells using 0.1 M Bu4NClO4 as supporting electrolyte. The counter 
electrode was platinum; reference electrode was a silver/0.1 M silver perchlorate in acetonitrile 
(0.34 V vs SCE); the working electrode was a platinum minidisc electrode (0.003 cm
2
). The 
voltammetric apparatus (AMEL, Italy) included a 551 potentiostat modulated by a 568 
programmable function generator and coupled to a 731 digital integrator. 
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The cyclic voltammogram of all the Eu(III) complexes and of Gd(TTA)3Phen (2-5x10-4 Mol L-1 in 
acetonitrile + 0.1 M Bu4NClO4) shows one-electron reduction process at potentials given in Table 
S1. See an example in Figure S1. 
 
Table S1. Complex reduction and oxidation peak potentials 
complex                              
 
Epred(Eonset)/V Epox(Eonset)/V 
Eu(DTDK)3Phen -1.85a  0.81 
Eu(Br-TTA)3Phen -1.52 - 
Eu(TTA)3Phen -1.68 - 
Eu(TTA)2(Br-TTA)Phen -1.70 - 
Eu(MeT-TTA)3Phen -1.63 a 0.9 
Gd(TTA)3Phen -1.84a 1.5 
(a) reversible; E0 
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Figure S1. Reduction process of the cyclovoltammetry of  Eu(DTDK)3Phen 
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 Optical Characterization  
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Figure S2.  Phosphorescence spectra of frozen solution of Gd(III) complexes 
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Figure S3. PL spectra of Eu(III) complexes in solid state (thin film). 
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 Structural Characterization 
Table S2.    Crystallographic details of Eu(MeT-TTA)3Phen complex. 
Chemical formula C51H32EuF9N2O6S6 
Formula weight  1284.11 
Space group C2/c (n.15) 
a / nm 3.7363(16) 
b / nm 1.0536(5) 
c / nm 3.0808(13) 
α (°) 90.0 
β (°) 106.84(1) 
γ (°) 90.0 
V / nm3 11608(9) 
Z 8 
Dcalc/g cm-3 1.47 
Radiation  Mo Kα (0.71073 Ǻ) 
μ/cm-1 1.37 
F(000) 5120 
Temperature/ °K 293 
Anomalous dispersion  All non-H atoms 
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Parameters refined in Full-matrix least-squares 343 
Unweighted agreement factor 0.166 
Weighted agreement factor 0.2 
Goodness of fit, Minimization function  Σw(|Fo|2-|Fc |2) 1.308 
Least-squares weights   1125P) +2.6021P] where 
P=(Fo2+2Fc2)/3 
w=1/[\σ2(Fo2)+(0.
2
Largest shifts 0.00 
High and low peaks in final diff. map/e A° 1.4 and -0.99 
Crystal color Yellow 
Crystal shape Prism 
Crystal dimensions/mm3 0.01 x 0.03 x 0.2 
Instrument  
Bruker-AXS 
SMART-
APEX 
Empirical absorption 0.76 – 0.99 
Maximum θ/°   17.5 
Reflections included Fo>4σ (Fo) 2672 over 3500 
Monochro
factor 17.0
mator Graphite crystal, Attenuator Zr foil, 
  
Scan type ω ω 
Scan rate 60 s / image i.e. .003°/s 
Scan width/deg  0.2 
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a) 
b) 
Figure S4. a) Crystal packing of Eu(MeT-TTA)3Phen complex, viewed along a axis; b) ORTEP 
plot with thermal ellipsoid probability of 50%.  
  
Analysis of Eu-Complexes based on β-diketonate/ Phenanthroline type ligands 
  The geometric features considered in the paper are in the following detailed and validated by 
considering crystal structures of related Eu complexes containing both phenanthroline (Phen) type 
and β-diketonate (β-DK) ligands, chosen on the basis of CIF file comparison indicating a better 
resolution. Again are reported the shortest Eu-Eu distances and the Eu-ligand distances in the 
crystals considered.1-3 The values are reported in Table S3.  
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Table S3. Comparison among Eu-O and Eu-N distances (nm) in Eu complexes with Phen-type and 
thiophene-β-DK ligands. 
Complex Average Eu – O distance Crystal e.s.d.  ≤ 0.0016 nm 
 
Average Eu-N distance 
Crystal e.s.d.  ≤ 0.0010 nm 
Shortest Eu-Eu distance 
Crystal e.s.d.  ≤ 0.0010 nm 
Eu(TTA)3Phen 0.2362 0.2594 0.976 
Eu(Br-TTA)3Phen 0.2359 0.2594 0.980 
Eu(DTDK)3Phen a 0.2357 0.2628 0.893 
Eu(MeT-TTA)3Phen b 0.2368 0.2572 1.054 
Eu(DBM)3Phen c 0.2358 0.2641 0.906-1.088 d 
Eu (TTA)3Bipy e 0.2352 0.2577 1.031 
Eu(TTA)3BipyCO f 0.2369 0.2654 0.875 
a two tetrahydrofurane (THF) molecules are clathrated in the crystal 
b due to low quality of crystals the values are affected by high e.s.d. 0.003. 
c the average is calculated onto the structures reported in ref. 1, 2.; DBM = 1,3-diphenyl-1,3-   
propanedione1,2 
d the shortest distances for each structure were considered 
e Bipy= Bipyridyle 
f a toluene molecule is clathrated in the crystal  
 
  The closest Eu-Eu distances range from 0.875 nm to 1.08 nm (column 4 of Table S3), regardless 
the solvent presence, confirming that the metal-metal interaction cannot be accounted for as the 
main parameter affecting the emission properties. The range in Eu-O distances is comprised within 
3σ, hence insignificant, while the range of Eu-N distances is significant, exceeding 6σ. Also 
considering the solvent clathration in crystals of Eu(DTDK)3Phen (THF) and Eu(TTA)3BipyCO 
(toluene),3 where the packing closeness is lost, the derived packing factors being 0.62 and 0.67 
respectively, such a variation could indicate some different coordination strength of the ancillary 
ligand in the crystals. This observation is particularly evident in the case of Eu(TTA)3Bipy complex  
and in Eu(MeT-TTA)3Phen, where such shortening exceeds 9σ.  
  Specifically, Eu-N distances enlarge in the case of short Eu-Eu contacts, simultaneously with 
either an electro-withdrawing effect in Eu(TTA)3BipyCO or a very poor crystal-packing like in  
Eu(DTDK)3Phen and in Eu(MeT-TTA)Phen, while in Eu(DBM)3Phen crystals 1,2 Eu-N distances 
are fully uncorrelated to Eu-Eu contacts, which vary from 0.9 up to 1.3 nm.  
  On these bases, a clear correlation with photophysical behaviour of TTA type Eu(III) complexes 
cannot be evinced. On the contrary, considering the angles between mean molecular planes 
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involving EuOO and β-DK residues, which contribute to the juxtaposition of molecular orbitals 
(MO) of f electrons of Eu atom with lone pairs n of the oxygen atoms (see paper) interesting 
differences are evident. In Table S4 such values are reported.  
 
Table S4. Comparison among angles (°) between average planes EuOO and β-DK moiety in 
selected complexes. (e.s.d. ~0.5°) 
 
Complex/ planes EuOO – β-DK1 EuOO – β-DK2 EuOO – β-DK3 
Eu(TTA)3Phen 12 1 ≤2 
Eu(Br-TTA)3Phen 21 ≥1 3 
Eu(DTDK)3Phen 20 ≥2 17 
Eu(MeT-TTA)3Phen 20 6 14 
Eu(DBM)3Phena  15 5 9.5 
Eu (TTA)3Bipy 22 19 14 
Eu(TTA)3BipyCO  21 19 15 
a The average values for structures presented in ref. 1,2 are reported.   
 
  In Eu(TTA)3Phen complex the sum of the angles is clearly reduced (<15°) while in all the other 
compounds, the value exceed >25°, clearly indicating a different electronic environment to the 
metal, i.e. less efficient overlapping of f (Eu) and n (O) orbitals. The largest deviation is observed in 
case of Eu(TTA)3BipyCO complex.3    
  The distances of aromatic H-atoms from the metal lower than 0.7 nm are reported in Table S5 for 
selected crystal structures. The H atoms were considered conventionally at 0.093 nm from carbon 
atom which are bonded to. Different types are distinguished in Scheme S1, with the label 
corresponding to the column of Table S5.  
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a the bold numbers are referred to complexes in Table S5.  
 
Table S5. Comparison among shortest Eu-H distances (nm) in selected complexes.a 
 
Complex | Type      Phen/Bipyb CH - β-DKc Closest-residued Next closest-residued,e 
1     Eu(TTA)3Phen  0.350(2)/0.552(2) 0.476(3) 0.646(3) 0.662(4) 
2     Eu(Br-TTA)3Phen  0.344(2)/0.550(2) 0.471(3) 0.621(3) 0.651(4) 
3     Eu(DTDK)3Phen  0.346(2)/0.552(2) 0.470(3) 0.628(6) 0.651(4) 
4     Eu(MeT-TTA)3Phen  0.333(2)/0.551(2) 0.467(3) 0.609(3) 0.639(4) 
5     Eu(DBM)3Phen  f 0.350(2)/0.554(2) 0.474(3) 0.439(6) 0.635(2)-0.68(2)-0.678(8) 
6     Eu (TTA)3Bipy  0.335(2)/0.547(2) 0.468(3) 0.618(3) 0.585(4) 
7    Eu(TTA)3BipyCO  0.379(2)/0.542(2) 0.475(3) 0.631(3) 0.624(4) 
 
a H-atoms are conventionally placed at 0.093nm to the carbon which are bonded to. Only the 
average values less than 0.7 nm are considered. The average contact number is indicated in 
parentheses. For the H-type see Scheme S1. 
b H-atoms belonging to Phen or Bipy residues. (H1) 
c H-atom of three β-DK moieties. (H3) 
d H-atoms of thienyl/ phenyl rings. (H4, H6) 
e H-atom of  phenyl or Phen residues (H2, H5) 
f The average values for structures presented in ref. 1,2 are reported.  
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   In all the crystal structures examined the closest Eu-H contacts involve H atoms near to N-atoms 
of Phen/Bipy residues (column 2 of Table S5), other significant contacts are: 
- H atom of residue (column 3 of Table S5)  
- H atom of thienyl ring closer to the β-DK group (column 4 of Table S5).  
- H atoms of aromatic residues indicated in column 5 of Table S5.  
According to different chemical constitution of the ligands, the number of such contacts changes, 
namely it doubles when CF3 group is substituted by an aromatic residue (thienyl or phenyl). 
 
 
Solution NMR analysis 
Table S6. 1H and 13C Chemical shifts and 1H longitudinal relaxation rates of Ln(TTA)3Phen, 
Ln = Lu, La (diamagnetic references), Pr, Eu, Tb, Tm, Yb 
 
 Lu Yb La Pr Eu Tb Tm  Lu Yb La Pr Eu Tb Tm 
Position δ1H ρ1 δ13C δ1H ρ1 δ13C δ1H δ1H ρ1 δ1H ρ1 δ1H ρ1 δ1H ρ1 
T3 7.57 0.57 129.8 3.53 21.3 123.1 7.56 12.5 21.7 6.20 4.35 -30.4 227.3 -4.84 87.1 
T4 7.02 0.44 127.9 5.89 2.5 126.0 6.99 2.86 1.28 6.51 0.92 10.6 45.4 2.87 12.3 
T5 7.49 0.31 132.4 6.93 2.5 130.5 7.45 7.46 1.38 6.96 0.82 4.01 46.2 4.38 12.2 
CH 6.12 0.55 92.3 -10.2 40.0 56.3 6.12 -19.3 43.5 3.17 7.69 22.6 384.6 -36.1 139.1 
P2 9.67 0.61 151.8 3.8 >100 ND 9.50 ND ND 10.2 ND ND ND ND ND 
P3 7.81 0.60 ND 12.8 18.2 136.0 7.74 19.3 12.2 8.48 3.70 ND ND 7.47 76.9 
P4 8.37 0.61 137.6 18.2 10.6 155.3 8.33 9.86 5.88 10.1 2.17 -14.4 113.6 19.0 37.7 
P5 7.82 0.61 125.8 19.3 8.4 144.8 7.80 0.47 2.22 9.50 1.69 -11.1 90.9 21.9 29.9 
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Figure S5.   1H Longitudinal relaxation rates of Ln(TTA)3Phen, Ln = Pr, Eu 
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Figure S6.  1H Longitudinal relaxation rates of Ln(TTA)3Phen, Ln = Tb, Eu 
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Figure S7. 1H Longitudinal relaxation rates of Ln(TTA)3Phen, Ln = Tm, Eu 
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Figure S8. 1H Longitudinal relaxation rates of  Ln(TTA)3Phen, Ln = Yb, Eu 
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Figure S9. Linear plots of δPARA/<Sz> of the various protons vs. P4 for 
Ln(TTA)3Phen, Ln = Eu, Tb, Tm, Yb (Pr was excluded because clearly out of 
linearity).   
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Figure S10. Reilley plots δPARA/<Sz>j vs. C/<Sz>j for Ln(TTA)3Phen, 
Ln = Eu, Tb, Tm, Yb (NB, Pr was excluded because clearly out of linearity). 
 
 
 
References 
 
(1) Ahmed, M.O.; Liao,J.; Chen, X.; Chen, S.; Kaldis, J. H. Acta Cryst. E  2003, 59, 29.  
(2) Jian,Y.; Xian-Qi, H.; Xian-Qi, Z.; Zhong-Yuan, L. L. Chin. J. Struct. Chem. 1989, 8, 187. 
(3)  Chen, X.; Zhu, X.; Xu, Y.; Raj, S. S. S. Öztürk, S.; Fun, H.; Mac, J.; You, X.  J. Mater. Chem.  
     1999, 9, 2919. 
 18
Coordination Chemistry Reviews 255 (2011) 2810– 2820
Contents lists available at ScienceDirect
Coordination  Chemistry  Reviews
journa l h o me page: www.elsev ier .com/ locate /ccr
Review
Pseudocontact  shifts  in  lanthanide  complexes  with  variable  crystal  ﬁeld
parameters
Sebastiano  Di  Pietroa,  Samuele  Lo  Pianoa,b,  Lorenzo  Di  Baria,∗
a Dipartimento di Chimica e Chimica Industriale, Università di Pisa, Via Risorgimento 35, I-56126 Pisa, Italy
b Scuola Normale Superiore, Piazza Cavalieri 7, I-56126, Pisa, Italy
Contents
1. Introduction  .  . . . .  .  .  .  .  . . . .  .  .  .  . . . .  . .  .  . .  . . .  .  .  .  .  . . . . .  .  .  . .  . . . .  .  .  .  . .  . . . . . .  . .  .  .  .  . . . . . .  .  . . . .  .  . . . .  .  . .  .  .  . . . .  .  .  .  .  .  . . . .  . . .  .  . . . . . .  .  .  .  . . . . . .  .  .  .  . .  .  .  .  . . . . .  .  .  .  .  .  . .  . . . . 2810
2. Total  paramagnetic  shifts  and  pseudocontact  shifts  . . . . .  .  .  .  . . .  . . . .  .  . . . .  .  .  .  .  .  .  . . . . . . .  .  .  .  . . .  . . . . .  .  . .  .  . . . .  . . . .  .  . . . .  .  . . .  . . . . .  .  .  .  .  . .  . . .  . . .  .  .  . . .  .  . .  .  . . . . . 2811
3.  Two-lanthanides  method  . . . . . .  .  .  .  .  . . . .  .  .  .  . . . . .  .  .  .  .  . . . .  . .  .  .  . . . . . .  .  .  . . . . . . . .  .  . . . .  . .  . . .  .  . . . . .  . .  .  .  . . . . . .  .  .  .  .  . . . . . .  .  . .  .  . . . .  .  .  .  .  .  .  .  . . .  .  . . .  . .  .  .  .  . .  .  . .  .  . . . .  . 2812
4.  The  “all  lanthanides”  method  . . . . .  .  .  .  . . . . . .  .  .  .  .  . . .  .  .  .  .  . .  . . .  .  .  . . . . . .  .  .  .  .  . . . . . .  .  .  .  .  .  . . . . .  . .  .  .  . . . . .  .  .  .  .  . . . . . .  .  .  . . . .  . . .  .  .  . . . . . . . . .  .  .  .  . . . .  .  .  . .  . . . .  .  .  .  . .  .  . . 2813
5.  Applications  . .  .  .  .  .  .  . . .  .  .  . . .  .  .  .  .  . . . .  .  .  .  . . . . . .  .  .  .  . . . .  . .  .  .  .  . . . . .  .  .  . .  . . . . .  .  .  .  . . . . . . .  .  . .  .  . . . . . . .  .  .  .  . . . . . .  .  .  . .  . . . . .  .  .  .  .  . . . . .  .  .  .  . . . . . .  .  .  . .  .  . .  . . . . . .  .  . .  .  . . . .  .  . 2813
5.1. DOTAM  . . .  .  .  . . . .  .  .  . . .  .  .  .  .  . . . . .  .  .  .  .  . . . .  .  .  .  . . . . . .  .  .  .  . . . . . . .  .  .  . . . .  .  . . . . . .  . .  . . .  .  .  .  . . . .  .  . . . .  .  . . . .  . .  .  .  .  . . . . . .  .  .  .  . . . . .  . .  .  .  .  . . .  . . . .  .  . .  . . . . .  . . . .  .  . .  .  . . . 2813
5.2.  Cryptate .  .  . .  .  . . . .  .  .  .  . . .  .  .  .  .  .  . . . .  .  .  .  .  . . . . .  .  .  .  .  . . . .  .  .  .  . . .  . . . .  .  . . . .  .  . . .  .  . .  . .  .  .  . . .  . . . . .  .  . . . . .  . .  .  . . . . . . .  .  .  .  .  . . . . .  .  .  . .  . . . . .  .  .  .  . .  . .  . .  . . . .  .  . .  . .  .  .  .  .  . .  . . 2815
5.3.  Saá’s  Binolam  complexes  . . .  . . . .  .  .  .  . . .  . .  .  .  .  .  . . . .  .  .  .  .  .  . .  .  . . . .  .  . . .  .  .  . . . . . . . .  .  .  .  . . . .  .  . . . .  . .  . . . . . . .  .  .  . . . . .  . .  .  .  . . . . .  .  .  .  .  . . . . . . .  .  . .  . . .  .  .  .  .  . . .  . .  .  .  . . . 2816
5.4.  Shibasaki’s  heterobimetallic  catalysts  . . . .  .  .  .  . . . . . .  .  .  . . . .  .  .  .  .  .  . . . . . . .  .  . . .  . . . . .  .  .  . . . . .  .  . .  . . . .  .  . .  .  .  . . . .  .  . . .  . . . . .  .  . . .  . . . .  .  . .  . . .  . .  .  . . . .  .  .  . . .  . .  .  . . 2817
5.5.  DOTMA  . . .  .  .  . . . .  .  .  . . .  .  .  .  .  . . . . .  .  .  .  .  . . . .  .  .  .  . . . . . .  .  .  .  . . . . . . .  .  .  . . . .  .  . . . . . .  . .  . . .  .  .  .  . . . .  .  . . . .  .  . . . .  . .  .  .  .  . . . . . .  .  .  .  . . . . .  . .  .  .  .  . . .  . . . .  .  . .  . . . . .  . . . .  .  . .  .  . . . 2818
6.  Conclusions  .  . . . . .  .  .  . . . .  .  .  . . . . .  .  .  .  . . . .  .  .  .  . . . . .  .  .  .  .  .  . . .  .  .  .  . .  .  . . . . . .  . .  .  . .  . .  . . .  . .  . . . .  .  . . . .  .  .  . .  .  . . . .  .  .  . . .  . . .  .  .  .  .  . . . . . .  .  .  .  .  . . . . . . .  .  .  .  . . . . . .  .  .  . . .  . .  .  .  .  . . .  . . . 2819
Appendix  A.  Supplementary  data.  .  .  .  . . . .  .  .  .  .  . . . . . .  .  .  .  . . . . . .  .  .  .  . . . . . .  .  .  .  . . . . .  . . .  .  . . . . .  . .  .  . . . .  .  . . . .  . . . .  .  . . . .  . .  . . . . . . .  .  .  . .  . . . . .  .  . .  .  . .  .  .  .  . .  . . . . .  .  .  . .  . 2820
References  .  .  .  .  . .  . .  .  .  .  .  . . .  .  .  .  .  .  . . . .  .  .  .  .  . . . .  .  .  .  . . .  . . .  .  .  .  . . .  .  .  .  .  .  . .  . . .  .  .  .  .  . .  .  . . . . . .  . .  .  . . .  .  .  . . . .  .  .  . . . .  .  . .  .  .  . . . .  .  . .  .  . . . .  .  .  . . . . . . .  .  .  . .  . . .  .  .  . . . . . .  .  .  .  . .  .  . . .  . 2820
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 3 February 2011
Accepted 11 May  2011
Available online 17 May 2011
Keywords:
Pseudocontact shifts
Lanthanide complexes
Paramagnetic NMR
a  b  s  t  r  a  c  t
Accurate  pseudocontact  shifts  are  the basis  for structural  determination  in solution  by  means  of para-
magnetic  NMR.  Separation  of pseudocontact  (PCS)  from  Fermi  contact  (FC)  shifts  from  NMR  data  can  be
achieved  by  means  of  the  so-called  Reilley  method,  which  is  brieﬂy  critically  reviewed.  It encounters  a
relevant  limitation  in  the  case  of  change  of crystal  ﬁeld  parameters  through  the  series,  as  determined  by
various  processes,  primarily  axial  ligand  dynamics,  or as a consequence  of lanthanide  contraction.  We
propose  a simple  alternative  procedure  to  compensate  for  any  variation  (smooth  or  abrupt)  in crystal
ﬁeld  parameters.  Four  examples  taken  from  the  literature,  plus  the  complete  set  of unpublished  data
for Ln DOTMA  are  discussed  in  detail  to  illustrate  the  power  and  limitation  of  the  conventional  Reilley
treatment  and  to  demonstrate  the  power  and  scope  of  our  alternative  approach.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Paramagnetic NMR  provides some of the most sensitive and
accurate experimental parameters for structural determinations
in solution [1,2]. Paramagnetism enhances relaxation rates and
induces remarkable shift of nuclear resonances. This is true for both
d- and f-metals, where the former have been very widely used in the
context of biomolecular NMR  [1],  while the latter have widespread
interest for small or medium-size molecules [3,4], although their
use in proteins and nucleic acids is gaining increasing interest [5,6].
∗ Corresponding author. Tel.: +39 050 2219 298; fax: +39 050 2219 260.
E-mail address: ldb@dcci.unipi.it (L. Di Bari).
Owing to the very similar ionic radius and identical structure
of the frontier orbitals, lanthanide(III) ions are usually consid-
ered to provide isostructural complexes throughout the series,
possibly with a higher degree of homogeneity within the ele-
ments at the beginning or at the end of the series [7].  This fact is
the basis for extracting contributions containing structural infor-
mation from experimental observables, because one is able to
compare the values of observables, measured on complexes having
the same geometrical and electronic structure but different mag-
netic properties. A very relevant case is provided by the extraction
of pseudocontact shifts (PCS), which are valuable pieces of geo-
metrical information [8].  This is because they display a marked
dependence on the polar coordinates of the observed nucleus in
a reference system based on the magnetic anisotropy tensor. Thus,
they offer the basis for accurate geometry determination in solu-
0010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2011.05.010
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Table  1
CLn, 〈Sz〉Ln and their ratio.
Ce Pr Nd Sm Eu Tb Dy Ho Er Tm Yb
CLn −6.48 −11.41 −4.46 0.52 4.00 −86.84 −100.00 −39.25 32.40 52.53 21.64
〈Sz〉Ln 0.98 2.97 4.49 −0.06 −10.68 −31.82 −28.54 −22.63 −15.37 −8.21 −2.59
CLn/〈Sz〉Ln −6.61 −3.84 −0.99 −8.68 −0.37 2.73 3.50 1.73 −2.11 −6.40 −8.36
CLn are recalculated according to Bleaney [17], except for Eu, whose value is taken from [19]; 〈Sz〉Ln is taken from [16]. The Sm value for 〈Sz〉 is affected by a high variability.
tion, provided they are reliably extracted from the observed shifts.
To this end, Reilley developed a procedure, which is based on
the conservation of crystal ﬁeld parameters from one complex to
another of the same ligand [9].
The existence of an exchangeable coordination site is a key
feature for functional systems: molecular recognition [10], enan-
tiomer discrimination [11], substrate activation [12], luminescence
quenching [13], water nuclear relaxation (T1-contrast in MRI) [14],
and saturation transfer contrast enhancement [15] are all depen-
dent on the dynamic binding of a ligand (most often water) to
Ln3+. As a consequence, most complexes are designed with a good
chelating agent (often macrocyclic), leaving at least one position
(hereafter called axial) open to dynamic coordination. This feature
is associated with a variable coordination number (CN) along the
series, whereby early lanthanides tend to bind ancillary ligands,
which may  be absent in the complexes of the late ions [16]. This
has a negative effect on the separation of PCS because one cannot
treat simultaneously data of complexes with different CN (usually
before or after the so-called “gadolinium break”) [17,18].
We shall develop a simple set of equations, directly derived from
the standard Reilley treatment, for achieving the isolation of PCS, in
cases with variable CN. We  shall then see that the same treatment
can be extended to other cases, where the properties of the main
chelating agent are modulated, because of polarizability effects, as
in heterobimetallic systems or because of a peculiar conformational
feature, typical of DOTA derivatives. In all these cases, we shall see
how can one take advantage of a large set of data and extract reliable
PCS.
This alternative procedure for achieving separation of Fermi
contact (FC) shifts from PCS is independent of crystal ﬁeld parame-
ters and provides reliable results even in cases of variable (possibly
fractional) occupancy of the axial coordination site. It may  be
regarded as an extension of the “two nuclei” method [19], and its
power resides in two points: (1) it is very straightforward to use and
may  be easily implemented on spreadsheets set up for the standard
Reilley procedure and (2) it does not depend on the choice of nuclei
nearby in the transition, but uses all the available set of experimen-
tal data. In its present form, our theory is addressed to complexes
endowed with axial symmetry, i.e. containing a Cn-axis with n ≥ 3.
While we are currently working at systems with lower symme-
try, where rhombic term cannot be neglected, we must observe
that fast geometric rearrangements and ligand exchange often ren-
der effective axial symmetry much more common than expected
[20,21].
2. Total paramagnetic shifts and pseudocontact shifts
The paramagnetic shift, ıpara, is deﬁned as the difference
between the observed shift, ıobs, of a certain nucleus on a lig-
and in a paramagnetic complex and in a reference diamagnetic
compound (ıdia), which should have the same geometrical and elec-
tronic structures (from the ligand point of view) [2,3]. This is the
ﬁrst aspect which makes lanthanides unique: La3+ and Lu3+ are
ideal standards for obtaining ıdia, because they provide isostruc-
tural complexes for the early and the late elements of the series,
respectively [3,4].
In  turn, ıpara is the sum of two  contributions: the Fermi contact
shift, ıcon (abbreviated in the text as FC) and the pseudocontact
shift, ıPC (abbreviated in the text as PCS). As a result we  can write
for each NMR-active nucleus i:
ıobs(i) = ıpara(i) + ıdia(i) = ıcon(i) + ıPC(i) + ıdia(i) (1)
Fermi contact is due to unpaired electron delocalization from the
Ln3+onto the nucleus i and is transmitted through bonds, very
similarly to the usual J-coupling in diamagnetic NMR. It becomes
negligibly small with the increasing number of bonds between Ln
and i, although in the presence of conjugation it may propagate to a
somewhat less predictable extent. The contact shifts for the nucleus
i on a ligand in isostructural lanthanide complexes is proportional
to the expectation values of Sz for that Ln3+ [22], which are known
and tabulated (see Table 1)
ıconLn (i) = 〈Sz〉LnF(i) (2)
F(i) is a proportionality constant which depends solely on the spe-
ciﬁc nucleus i.
Pseudocontact shifts encode geometric information, hence their
popularity in structural determination. For simplicity of algebraic
arguments, in the following we shall consider only axially symmet-
rical species, i.e. complexes displaying a Cn axis with n ≥ 3, although
extension is possible. Axial symmetry can be a real, intrinsic prop-
erty of the complex geometry or can derive from a dynamic process.
To make evident the use of pseudocontact shifts, we can recall the
McConnell–Robertson equation for axial complexes [3,4]:
ıPCLn(i) = DLn
3 cos2 i − 1
r3
i
= DLnG(i) (3)
Thus, the geometrical factor for i, G(i), is a function of ri (the length
of the vector adjoining the nucleus i and the lanthanide) and of i
(the angle between this vector and the Cn axis). The constant DLn is
characteristic of the complex and in particular depends on the lan-
thanide ion, the ligand structure, and the coordination polyhedron,
as we  shall see below.
As discussed previously for FC, PCS also follow a known trend
from one lanthanide to another, provided isostructurality is pre-
served. This is because, following Bleaney’s theory [23], DLn is
proportional to the crystal ﬁeld parameter B20 through a constant,
CLn which depends on the lanthanide. Even according to more
sophisticated treatments, such as the one by Mironov et al. [24],
the magnetic anisotropy and hence DLn can be written as
DLn = CLn · B (4)
where B contains a sum of crystal ﬁeld parameters of various orders.
The two parameters 〈Sz〉Ln, CLn and their ratio are tabulated in
several Refs. [2,4,17] and reproduced here in Table 1.
Thus both FC and PCS can be factorized in a lanthanide-
dependent and a nucleus-dependent term and this offers an easy
way  to separate the two  contributions to the total paramagnetic
shift, according to the following equations, known as the Reilley
method [9,17].  By inserting Eqs. (2), (3) and (4) into (1),  we  obtain
ıparaLn (i) = ıconLn (i) + ıPCLn(i) = 〈Sz〉Ln · F(i) + CLn · B · G(i) (5)
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Provided the complexes are isostructural through some subset of
the Ln series and that there are no major variations in the crystal
ﬁeld parameters collectively represented by B, we can write
ıparaLn (i)
〈Sz〉Ln
= F(i) + CLn〈Sz〉Ln
B · G(i) (6)
Having observed that 〈Sz〉Ln and CLn are known, a plot of
ıparaLn (i)/〈Sz〉Ln vs. CLn/〈Sz〉Ln yields a straight line with slope and
intercept
MReilley = B · G(i) (7)
QReilley = F(i) (8)
Accordingly, one can calculate PCS and FC for any lanthanide as
ıPC, ReilleyLn (i) = MReilley(i) · CLn (9)
ıcon, ReilleyLn (i) = QReilley(i) · 〈Sz〉Ln (10)
Some discrepancies in this separation have been attributed to
minor changes in the crystal ﬁeld parameters e.g. due to the fact that
lanthanide contraction brings about a shortening of the distances
between Ln and the donor atoms on the ligand and a consequent
geometry adjustment. This can be taken care of by means of the
so-called three nuclei method which avoids the assumption of con-
stant B [17].
The Reilley method gives reliable results for PCS, while for
extracting good FC a modiﬁed approach may  perform better. In this
case, one divides both sides of Eq. (5) by CLn instead of 〈Sz〉Ln. For
a detailed description, refer to Piguet and Geraldes’s review: we
shall ignore this method here because our objective is to extract
good PCS.
Axial coordination of water or of some other ancillary ligand
introduces a much greater source of variation of B. The contribution
to the crystal ﬁeld parameters of an axial ligand, Bax, is limited to
the terms Bn0 and is additive to those stemming from the other (non
axial) ligands, Blig [25]. We  can thus write the following partition
B = Blig + Bax (11)
Consequently the magnetic anisotropy term can be written as the
sum [25,26]
DLn = CLn(Blig + Bax) = DligLn + DaxLn (12)
It is very common that for a given ligand early lanthanides yield
hydrated complexes on account of their preference for higher
coordination numbers, while late lanthanides provide anhydrous
complexes. Thus, instead of being constant or following a regular
trend over the series, B may  display a more or less abrupt change,
which often occurs around the middle of the transition and is called
gadolinium break [18]. This corresponds to a rigid picture, where
the complex is either totally hydrated (viz. fully occupied at the
axial coordination site) or totally anhydrous, which is unﬁt to rep-
resent a dynamic situation.
The axial coordination site is often labile and this is a key feature
of lanthanide complexes. Indeed, dynamic axial coordination is at
the basis of functional systems, such as those quoted in the intro-
duction, which must exchange axial ligands very rapidly. From the
point of view of NMR  spectroscopy, this means that the hydrated
(H) and anhydrous (A) forms (plus water or in general any other
ancillary ligand, W)  must be in fast exchange, that is the rate of the
equilibrium
H
k+

k−
A + W (13)
is likely to be great compared to the shift difference (in Hz) between
the corresponding nuclei in H and A. In this situation one cannot
observe the spectra of the individual forms, but one set of reso-
nances, at shifts
ıobsLn (i) = xHLn · ıHLn(i) + xALn · ıALn(i) = xLn · ıHLn(i) + (1 − xLn) · ıALn(i)
(14)
where xA = (1 − x) and xH = x are the mole fractions of A and H for
the complex with Ln.
It is thus reasonable to assume that to a ﬁrst approximation
PCS display the greatest sensitivity to the occupancy of the axial
site, because they respond to the total charge distribution through
D, while the diamagnetic shift and FC are mostly local properties,
depending primarily on the electron density and on unpaired elec-
tron delocalization. Therefore we shall write
ıobsLn (i) = ıdia(i) + ıFCLn(i) + [xLn · ıPC,HLn (i) + (1 − xLn) · ı
PC,A
Ln (i)] (15)
and
ıparaLn (i) = ıFCLn(i) + [xLn · ı
PC,H
Ln (i) + (1 − xLn) · ı
PC,A
Ln (i)] (16)
Taking advantage of Eq. (12), we  can write
ıPC,HLn (i) = [D
lig
Ln + DaxLn]Gi
ıPC,ALn (i) = D
lig
LnGi
(17)
which combine in the term in square parentheses of Eq. (16) to
ıPC,totLn (i) = xLn · ı
PC,H
Ln (i) + (1 − xLn) · ı
PC,A
Ln (i)
= [DligLn + xLn · DaxLn]Gi = DtotLn Gi (18)
with
DtotLn = DligLn + xLn · DaxLn (19)
This demonstrates that DtotLn is a function of the lanthanide not only
through Bleaney’s constant CJ but also because of variable occu-
pancy of the axial site through xLn. Consequently, DtotLn may  not
follow the expected trend and Reilley method for separating Fermi
contact and pseudocontact shifts may  fail.
The so-called two-nuclei method for separating FC and PCS
terms is designed to take care of the variation in crystal ﬁeld param-
eters along the series [17]. It has been proposed for the small
variations in B induced by lanthanide contraction, but may  very
well serve to eliminate the problem of variable coordination num-
ber outlined above. An exhaustive account of the principles and
applications of this method can be found elsewhere: here we  shall
just recall that it is based on the clever use of the paramagnetic
shift values of a pair of nuclei on two  isostructural complexes with
different Ln3+ ions [17].
3. Two-lanthanides method
If we  could neglect Fermi contact shifts altogether, by plotting
ıparaLn1 (i) vs. ı
para
Ln2 (i) for two different isostructural complexes with
lanthanides Ln1 and Ln2, we would obtain a straight line passing
through the origin (which is rigorously true for PCS). The slope of
this line is equal to the ratio
m = DLn1DLn2
(20)
In the case of no variation in axial coordination (i.e. with the identity
xLn1 = xLn2) or in the crystal ﬁeld parameters B, the above equation
would reduce to the predictable constant
mideal = CJ(Ln1)
CJ(Ln2)
(21)
But this is not the case if xLn1 /= xLn2 with reference to Eq. (14) (or
in general if BLn1 /= BLn2).
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We  can now take advantage of the following facts regarding
Fermi contact shifts:
(1) they are usually scattered in sign and magnitude;
(2) they are usually small for nuclei distant more than 4 bonds from
Ln3+;
(3) for nuclei closer than 4 bonds from Ln3+, FC may  be large, but
most often PCS are also very large (because of the short dis-
tance).
These three points concur in determining that plots of ıparaLn (i) for
Ln1 and Ln2 are often linear to a very good approximation, possi-
bly with the exception of small and highly conjugated ligands. The
slope m provides the ratio of the D  parameters given in Eq. (20),
while taking into account any variation in the crystal ﬁeld parame-
ters B, notably the part due to variable axial coordination. Now, we
can recall Eq. (4) and substitute mDLn2 for DLn1 in Eq. (6)
ıparaLn1 (i)
〈Sz〉Ln1
= F(i) + mDLn2〈Sz〉Ln1
G(i) (22)
ıparaLn2 (i)
〈Sz〉Ln2
= F(i) + DLn2〈Sz〉Ln2
G(i) (23)
These two can be combined to yield the modiﬁed Reilley equation
ıparaLn2 (i)
〈Sz〉Ln2
− ı
para
Ln1 (i)
〈Sz〉Ln1
= DLn2G(i)
(
1
〈Sz〉Ln2
− m〈Sz〉Ln1
)
(24)
The ﬁnal equations for calculating FC and PCS for the nucleus i in
the complexes with Ln1 and Ln2 are
ıPCLn1(i) = m
(
(ıparaLn2 (i)/〈Sz〉Ln2) − (ı
para
Ln1 (i)/〈Sz〉Ln1)
(1/〈Sz〉Ln2) − (m/〈Sz〉Ln1)
)
(25)
ıconLn1(i) = ı
para
Ln1 (i) − ıPCLn1 (26)
We must note that this procedure does not rely on any assumption
regarding the geometry of the complex (it falls into the category of
the “model free methods”), provided they are axially symmetrical
[17,27],  and moreover does not use any hypothesis on the degree of
hydration (or bond to any other axial ligand) in the two  complexes.
4. The “all lanthanides” method
As an alternative and an extension to the method outlined above,
we can take advantage of a set of Ln3+complexes simultaneously.
(1) We  select a reference compound, which must be chosen for
being the best characterized one (with the largest set of unam-
biguously assigned resonances) and that is endowed with a
large CJ and CJ/〈Sz〉Ln ratio (see Table 1): the best choices may
be in this order, Yb, Pr, and Ce. From now on, this reference lan-
thanide will be called ref. We  must plot all the ıparaLn (i) vs. the
ıpararef (i), and ﬁt them to lines passing through the origin, with
slopes mLn. Any signiﬁcant deviation from linearity means that:
(a) the complexes with Ln and ref are not isostructural and (b) if
this occurs more or less systematically, then large contact con-
tributions must be envisaged. In both cases, the method cannot
be applied.
(2) We  build modiﬁed Reilley plots for each nucleus i as a function
of Ln, by plotting
ıparaLn (i)
〈Sz〉Ln
vs.
mLn
〈Sz〉Ln
(27)
This must yield straight lines, because, by analogy with what
was  seen in the previous section,
ıparaLn (i)
〈Sz〉Ln
= F(i) + G(i) · B · CrefJ
mLn
〈Sz〉Ln
(28)
(3) The slope and intercept of these straight lines are for each
nucleus
Mi = B · CrefJ · G(i) (29)
Q = F(i) (30)
(4) We are now able to identify the PCS for each nucleus in each
Ln-complex, by the simple operation
ıPCLn(i) = mLn · Mi (31)
and
ıPCref(i) = Mi (32)
while the contact terms can be obtained again through Eq. (10).
As we shall see in the case of cryptate below, the choice of the
reference compound affects the results of the procedure to a very
moderate extent for the PCS.
5. Applications
We shall discuss below a few practical cases, mostly taken from
the literature, which will hopefully clarify the above outlined pro-
cedures and show their scope, their merit and their limitations.
It should be stressed that our approach is only applicable to sys-
tems with a set of pseudocontact-shifted signals, because only this
ensures a good linear ﬁtting for deriving the slopes m which must
substitute the CJ in the standard Reilley treatment Consequently,
some small-size traditional ligands for Ln3+, such as acetylaceto-
nates or 1,3-oxydiacetate are not amenable to our procedure.
5.1. DOTAM
In spite of the enormous interest towards DOTA and its
derivatives, mostly due to their applications in MRI, it is hard
to ﬁnd a complete set of experimental shifts throughout the
series. In their comprehensive paper on the structure of Yb
DOTA in solution, Aime, Botta and Ermondi showed the 1H spec-
tra of most Ln DOTA but did not provide ﬁgures for the shifts
or their assignment [28]. The diethylamide derivative of DOTA,
called DOTAM (1,4,7,10-tetrakis(N,N-diethylacetamido)-1,4,7,10-
tetraazacyclododecane, Scheme 1) was thoroughly studied by
Forsberg et al. in a paper containing the most complete separation
of FC and PCS of this whole family of compounds [29].1
A standard Reilley analysis of the paramagnetic shifts consist-
ing of the plots of ıparaLn (i)/〈Sz〉Ln vs. CLn/〈Sz〉Ln is reported in Fig. 1.
This shows that there is a reasonably good linearity, with the gross
exception of Sm and Tm.  The former element is characterized by
very small paramagnetic shifts (see CSm and 〈Sz〉Sm in Table 1),
whose exact quantiﬁcation is consequently rather error-prone.
Moreover, 〈Sz〉Sm is poorly estimated because it depends on a mul-
tiplet of energy levels very close to the fundamental one. The fact
that this parameter is very small and that it is at the denominator
of the quantities to be plotted in Reilley method has the effect of
amplifying any uncertainty.
1 Proton 1 corresponds to the “axial at side proton” (ax@s), proton 2 corresponds to
the  “equatorial at side” proton (eq@s), proton 3 corresponds to the “axial at corner”
proton (ax@c) and proton 4 corresponds to the “equatorial at corner” proton (eq@c).
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Scheme 1.
Fig. 1. Reilley plots for a selection of protons in Ln DOTAM.
Data taken from Ref. [24].
To our understanding, there is no obvious reason for a deviation
in Tm shifts, although they do often show exceptional behavior, as
observed e.g. in Piguet and Geraldes’s review [17].
By discarding the values for Tm and Sm,  one can apply a lin-
ear ﬁt to the Reilley plot for all protons in Ln DOTAM, obtaining
the parameters shown in Table 2. Thereafter, one can achieve the
separation of PCS and FC by means of Eqs. (9) and (10).
We can take two parameters to assess the quality of the Reilley
method: the correlation coefﬁcients R(i) of the linear ﬁt and the
differences
diff(i) = ıparaYb (i) − (ı
PC,Reilley
Yb (i) + ı
con,Reilley
Yb (i)) (33)
which should ideally be 0.
We can appreciate that the quality of Reilley plots for this set
of complexes is very good, as witnessed by the correlation coefﬁ-
cients, which are all above 0.97 with the sole exceptions of H9 and
H10. These two protons are remote from Ln and experience a par-
ticularly small paramagnetic shift. Moreover, they are geminal and
their assignment throughout the series may  be less safe than in the
other cases.
Table 2
Slopes MReilley(i), intercepts QReilley(i), and correlation coefﬁcients RReilley(i) of a linear
ﬁt  of Reilley plots for Ln DOTAM, by excluding the data for Sm and Tm.  The values
of  PCS and FC for Yb estimated through Eqs. (9) and (10) are reported in columns
5  and 6;the last column contains the difference deﬁned in Eq. (33). PCS, FC and diff
values are in ppm units.
Protons MReilley QReilley RReilley PCS FC diff
1 4.85 −0.22 0.98 104.93 0.57 −4.90
2  0.84 0.99 0.97 18.23 −2.55 −0.78
3  −2.07 0.30 0.98 −44.75 −0.78 −0.87
4  0.62 1.45 0.98 13.35 −3.76 −0.89
5 −1.62  0.78 0.98 −35.14 −2.03 −0.43
6  −3.35 −0.13 0.98 −72.58 0.35 2.03
7  −0.84 −0.06 0.98 −18.11 0.15 1.55
8 −0.56  −0.07 0.98 −12.15 0.19 1.66
9  0.17 0.15 0.53 3.72 −0.39 2.27
10 0.06  −0.17 0.29 1.34 0.44 2.62
Fig. 2. Plots of ıparaLn (i) vs. ı
para
Yb
(i), for Ln DOTAM.
Table 3
Slopes m and correlation coefﬁcients R of the linear ﬁts (forced through the origin)
shown in Fig. 2.
Lanthanide mLn R
Pr −0.435 0.99
Nd −0.19 0.86
Sm −0.036 0.98
Eu 0.20 0.78
Tb −4.37 0.98
Dy −4.79 0.99
Ho −2.27 0.99
Er 2.90 0.99
Tm 7.93 0.99
According to our method, we  must take one complex as the ref-
erence and we choose Yb DOTAM. We  plot the paramagnetic shifts
for all protons in Ln DOTAM vs. those of the reference compound,
obtaining plots as shown in Fig. 2, while the parameters of the linear
ﬁts (forced through the origin) are reported in Table 3.2 The good
linearity conﬁrms that the complexes are isostructural and that the
contributions of FC to the total paramagnetic shifts are small and
scattered in sign and magnitude, as postulated in the previous sec-
tions. It is worth observing that also Tm provides a linear ﬁt with
Yb and it will be used in the following procedure, while it had to be
arbitrarily discarded in the Reilley method.
We can now build plots of ıparaLn (i)/〈Sz〉Ln vs. mLn/〈Sz〉Ln for each
nucleus i, which yields the results shown in Fig. 3 and in Table 4.
In this case the slope M of our modiﬁed Reilley plots coincides
by deﬁnition with the PCS of the reference compound (in this case
Yb DOTAM).
The improvement over the conventional Reilley method is
apparent from both quality parameters (R and diff), although in
the present case the gain is only marginal: we  had already found
excellent linearity in Reilley plots, which could hardly be improved.
2 We  can appreciate that the values of the slopes mLn follow the same trend of the
constants CLn, apart for Sm and Tm. This is consistent with the previous observation
that Reilley plots are linear.
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Fig. 3. Plots of ıparaLn (i)/〈Sz〉Ln vs. mLn/〈Sz〉Ln for Ln DOTAM, having taken Yb DOTAM
as  the reference compound for calculating mLn.
Table 4
Slopes (Mi), intercepts (Qi) and correlation coefﬁcients (Ri) of modiﬁed Reilley plots
for Ln DOTAM shown in Fig. 3. PCS and FC for the reference compound, Yb DOTAM,
were calculated from the values of Mi and Qi , respectively, according to Eqs. (31)
and (10). The quality parameter diff is deﬁned in Eq. (33). PCS, FC and diff values are
in  ppm units.
Protons M Q R PCS FC diff
1 102.21 0.54 1.00 102.21 −1.41 −0.20
2  17.60 1.73 0.98 17.60 −4.48 1.78
3  −42.80 0.09 1.00 −42.80 −0.24 −3.37
4 14.06  2.08 0.98 14.06 −5.39 0.03
5  −34.49 1.02 1.00 −34.49 −2.63 −0.48
6  −71.99 −0.09 1.00 −71.99 0.23 1.55
7  −17.57 −0.20 1.00 −17.57 0.53 0.65
8  −11.77 −0.32 0.99 −11.77 0.83 0.64
9  4.67 −0.08 0.87 4.67 0.21 0.72
10  −2.96 −1.27 0.47 −2.96 3.29 4.07
5.2. Cryptate
In 1999 Geraldes and coworkers reported a complete analysis
of the paramagnetic shifts in a Ln cryptate derived from the con-
densation of tris(2-aminoethyl)amine and 2,6-diformylcresol [19],
shown in Scheme 2. These authors highlighted a break in the Reilley
Scheme 2.
Fig. 4. Reilley plot for H3 in the series of cryptates depicted in Scheme 2.
Data taken from Ref. [19].
plots, which was attributed to the presence of a coordinated water
molecule in the ﬁrst part of the transition, absent in the second
part. This is particularly evident in the case of proton H3, as shown
in Fig. 4.
In such a case it is clear that a conventional treatment through
Reilley plots is only possible by treating separately early and late
elements. This reduces the set of data and may  worsen the quality of
the analysis. Unfortunately, for the other protons in the very same
molecule the situation is somewhat less evident, to the point that in
some cases it would be difﬁcult to put the break point to a speciﬁc
lanthanide.
To use our modiﬁed method, we follow the same steps outlined
in the previous section. We  choose Pr as the reference compound,
because it has an optimal ratio CLn/〈 Sz 〉 (Table 1) and it is completely
characterized, unlike the Yb derivative. We plot ıparaLn (i) vs. ı
para
Pr (i)
and ﬁt them with lines (passing through the origin), which leads to
the results summarized in Table 5.
The correlation coefﬁcients are satisfactory (although not
always excellent), which demonstrates isostructurality through the
series and small contributions of FC. The slopes mLn can be used to
achieve the separation of PCS and FC following the sequence of
operations described in Eqs. (31) and (10) with the results shown
in Table 6.
Interestingly, by choosing Ce instead of Pr as the reference com-
pound, we obtain PCS values differing by less than 10%, as shown
in Supplementary material, Table S1.
Proof of the quality of our results is provided in Fig. 5, where
we  show the modiﬁed-Reilley plot for H3. Moreover, in Fig. 6 we
report PCS and FC for the Pr complex calculated with our method
compared to those of the original paper. We  can simultaneously use
all the available data, without any more or less arbitrary partition
due to the gadolinium break, which is at variance with what was
reported in the original paper.
Table 5
Slopes m and correlation coefﬁcients R of the linear ﬁts (forced through the origin)
relative to the set of Ln cryptates of Ref. [19].
Lanthanide mLn R
Ce 0.67 0.96
Nd  0.59 0.86
Sm  0.0014 0.16
Eu  −0.60 0.35
Tb 4.94 0.64
Dy  3.64 0.66
Ho  2.00 0.76
Er −1.73 0.95
Tm  −2.40 0.91
Yb −1.10 0.81
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Table  6
Slopes (Mi), intercepts (Qi) and correlation coefﬁcients (Ri) of modiﬁed Reilley plots
for the Ln cryptates of Scheme 2. PCS and FC for the reference Pr cryptate, were
calculated from the values of Mi and Qi , respectively, according to Eqs. (31) and (10).
The  quality parameter diff is deﬁned in Eq. (33). PCS, FC and diff values are in ppm
units.
Protons M Q R PCS FC diff
H1ax 21.86 −1.23 0.94 21.86 −3.65 −5.22
H1eq 17.38 −1.24 0.98 17.38 −3.68 −0.67
H2ax 0.53 −0.72 0.36 0.53 −2.14 −0.17
H2eq 0.14 −0.38 0.13 0.14 −1.13 −0.70
H3 −10.79 −2.14 0.73 −10.79 −6.36 −3.23
H4 −8.84 2.16 0.45 −8.84 6.42 −3.22
H5  −2.18 0.36 0.65 −2.18 1.07 −0.68
H6  −1.71 0.03 0.94 −1.71 0.09 −0.21
H7a 8.24 −3.44 0.58 8.24 −10.22 2.96
H8ax 7.47 −0.45 0.99 7.47 −1.34 −0.46
H8eq 5.71 −0.36 0.99 5.71 −1.07 −0.32
H9ax 3.70 −0.24 0.99 3.70 −0.71 −0.17
H9eq 4.96 −0.31 0.99 4.96 −0.92 −0.35
a The values of ıpara (H7) are very small (below 1 ppm), consequently they are
affected by a big error and should be considered unreliable.
Fig. 5. Modiﬁed Reilley plot for H3 in the series of cryptates depicted in Scheme 2
after the treatment proposed in this work.
Although some of the correlation coefﬁcients of the plots ıparaLn (i)
vs. ıparaPr (i) are unusually small compared to other cases, this does
not prevent a satisfactory extraction of PCS, which are in close
agreement with those found in Ref. [19].
5.3. Saá’s Binolam complexes
At ﬁrst sight, the complexes shown in Scheme 3, introduced
by Saá [30–33],  are very similar to the well known Shibasaki’s
Fig. 6. Comparison between PCS and FC for PR cryptate, calculated according to our
method and extrapolated from the data of Ref. [19].
Scheme 3.
heterobimetallic systems treated below. The difference consists
of the incorporation of a Brønsted base proximal to the naphthol
hydroxyl. As a consequence, complex formation does not require
the treatment with a base, which is a necessary step in Shibasaki’s
systems, and the result is a set of alkali metal-free (monometallic)
compounds, displaying completely different structural and chemi-
cal properties [33]. The only system which led to crystals amenable
for XRD was the Sc complex, while heavier elements were reluctant
to crystallize.
The accurate analysis of paramagnetic shifts for Pr, Nd and Yb
complexes unambiguously demonstrated isostructurality through-
out the series, at least in the sense that the geometrical factors
GLn(i) are equal [33]. The existence of a dynamic hydration equilib-
rium becomes apparent through very simple experiments, where
the sample water content is changed: the paramagnetic shifts of
all nuclei are water sensitive to a more or less marked extent, as a
function of Ln. One observes greater variations of the 1H shifts for
Pr and Nd Binolam, and much smaller for the Yb derivative. Thus,
this system falls very obviously into the case depicted in Eq. (19),
i.e. one set of GLn(i), but water-dependent D.
Linearity of the plots ıparaLn (i) vs. ı
para
Yb (i) was  already observed
in Ref. [33], where it was also observed that the slopes mLn are
very far from what was expected from Bleaney’s factors. Accord-
ingly, separation of FC and PCS cannot be attempted by means of
the standard Reilley method but can be achieved successfully by
our two-lanthanides method, through Eqs. (25) and (26), with the
results reported for the Pr–Nd couple in Table 7 and for the Pr–Yb
one in Table 8.
We  can appreciate the consistency of the FC terms calculated
for different Ln and also that they are small, on account of the lim-
ited possibility of delocalization of unpaired spin density over the
moderately large ligand.
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Table  7
Separation of PCS and FC according to the two-lanthanides method for Ln Binolam
for  the couple Pr–Nd. Para, PCS and FC values are in ppm units.
Protons Pr Nd
Para PCS FC Para PCS FC
4 −0.76 −0.81 0.05 1.05 0.97 0.08
5 −0.49  −0.44 −0.05 0.46 0.53 −0.07
6  −0.33 −0.25 −0.08 0.17 0.30 −0.13
7 −0.19  −0.27 0.08 0.45 0.33 0.12
8  −0.67 −0.76 0.09 1.04 0.91 0.13
9a  −1.12 0.03 −1.15 −1.77 −0.03 −1.74
9b  −2.06 −1.33 −0.73 0.49 1.59 −1.10
10a 1.84 1.89 −0.05 −2.35 −2.27 −0.08
10b 1.54 1.51 0.03 −1.78 −1.82 0.04
10a′ 0.33 0.44 −0.11 −0.69 −0.53 −0.16
10b′ 0.58 0.42 0.16 −0.26 −0.50 0.24
Me  0.72 0.59 0.13 −0.52 −0.71 0.19
Me′ 0.54 0.57 −0.03 −0.73 −0.68 −0.05
5.4. Shibasaki’s heterobimetallic catalysts
Shibasaki introduced a class of C3-symmetric Ln complexes
based on binaphtholate (hereafter Binolate) as the ligand, which
raised a great interest because of their properties as enantioselec-
tive catalysts in a number of organic reactions (Scheme 3) [34]. As
for many other catalysts, the possibility of coordination of ancillary
ligands is of prime importance, since this dynamic binding is at the
basis of substrate activation.
The complexes of formula M3Ln(Binolate)3 (M = Li, Na, K) display
a pinwheel structure, which has been investigated in great detail
both in solution and in the solid state [35]. In the latter case, sin-
gle crystal XRD demonstrates that early elements provide hydrated
complexes, while late elements yield anhydrous ones. Notably, for
Eu, both forms have been reported. In solution, the investigation
into hydration number is more difﬁcult and only indirect proofs
have been provided. By two different synthetic procedures, Aspinall
et al. [36] and Walsh et al. [37] obtained two completely different
sets of 1H NMR  data for what is apparently the very same complex:
Li3Eu(Binolate)3. This must be attributed to the different extents of
hydration in the two compounds, since in only one case (Aspinall)
was the sample obtained in rigorously water-free conditions. Inter-
estingly, no-one reports on the existence of two  sets of signals for
hydrated and anhydrous forms: we must conclude that this system
falls into the fast exchange regime, as envisaged in Eqs. (13)–(19)
and that the Reilley analysis would lead to inconsistent results.
Unlike in the cases discussed above and notwithstanding the
large interest and the numerous reports on heterobimetallic com-
plexes, in the literature we were able to ﬁnd 1H shifts only for a
limited number of lanthanides. Usually the water content of the
Table 8
Separation of PCS and FC according to the two-lanthanides method for Ln Binolam
for  the couple Pr–Yb. Para, PCS and FC values are in ppm units.
Protons Pr Yb
Para PCS FC Para PCS FC
4 −0.76 −0.92 0.16 −4.52 −4.38 −0.14
5  −0.49 −0.52 0.03 −2.51 −2.48 −0.03
6  −0.33 −0.39 0.06 −1.92 −1.87 −0.05
7  −0.19 −0.31 0.12 −1.57 −1.47 −0.10
8  −0.67 −0.97 0.30 −4.88 −4.62 −0.26
9a  −1.12 −0.91 −0.21 −4.16 −4.34 0.18
9b  −2.06 −1.51 −0.55 −6.72 −7.20 0.48
10a  1.84 1.77 0.07 8.38 8.44 −0.06
10b  1.54 1.63 −0.09 7.82 7.74 0.08
10a′ 0.33 0.64 −0.31 3.33 3.06 0.27
10b′ 0.58 0.55 0.03 2.61 2.63 −0.02
Me  0.72 0.62 0.10 2.88 2.96 −0.08
Me′ 0.54 0.82 −0.28 4.13 3.89 0.24
Table 9
Separation of PCS and FC according to the two-lanthanides method for
Li3Pr(Binolate)3 vs. those of Li3Yb(Binolate)3. Para, PCS and FC values are in ppm
units.
Protons Li3Pr(Binolate)3 Li3Yb(Binolate)3
Para PCS FC Para PCS FC
3 −18.51 −19.29 0.78 83.20 83.88 −0.68
4 −4.03  −3.68 −0.35 16.29 15.98 0.31
5  0.86 −0.58 1.44 1.26 2.51 −1.25
6  1.44 0.85 0.59 −4.21 −3.70 −0.51
7  2.97 1.66 1.31 −8.37 −7.23 −1.14
8  6.64 4.61 2.03 −21.82 −20.05 −1.77
various samples is difﬁcult to estimate and moreover, they refer to
different alkali metals M.
As we said, Pr and Yb surely display opposite behavior: one
should mostly yield the water-capped complexes, the other should
provide the anhydrous ones. We  proceed through our modi-
ﬁed method: ﬁrst of all, we  plot all the paramagnetic shifts for
Li3Pr(Binolate)3 vs. those of Li3Yb(Binolate)3, and we obtain the
slope
mPr,Yb = −0.23 (34)
which is far from the ideal value of mideal = −0.52 (see Eq. (21)),
on account of the different hydration states of the two species. By
application of Eqs. (25) and (26), we  obtain the PCS and FC reported
in Table 9. We can appreciate that the FC terms are small for most
nuclei.
In the same way, we  can treat both sets of data for
Li3Eu(Binolate)3, as reported by Aspinall and Walsh, which are
very different, comparing their paramagnetic shifts with those of
Li3Yb(Binolate)3 method and we ﬁnd
mEu Aspinall,Yb = 0.07
mEu Walsh,Yb = 0.22
(35)
This allows us to use the two-lanthanides method and to obtain the
PCS and FC reported in Table 10.  A general comment for all these
cases is that the FC terms are in any case small for most nuclei.
These heterobimetallic systems feature another aspect, which
is particularly interesting for our analysis. The alkali metal has
the effect of modulating the charge on the Binolate oxygen atoms
and consequently of changing the crystal ﬁeld parameters, while
leaving the overall geometry of the various complexes unchanged,
as observed by Aspinall and subsequently conﬁrmed [35,36].  This
means that the corresponding nuclei on complexes with different M
and/or different hydration numbers have the same set of G(i). This
observation prompted us to put forward another more venturous
attempt: using sets of data of heterogeneous systems, i.e. separate
PCS and FC from systems which differ not only in the Ln but also in
the alkali metal M.  Accordingly, we pursued the two-lanthanides
method on the data of Li3Pr(Binolate)3 vs. of Na3Yb(Binolate)3
[35]. The results are reported in Table 11 and compare very well
Table 10
Separation of PCS and FC according to the two-lanthanides method for the two sets
of  data relative to the formula Li3Eu(Binolate)3 taken from Ref. [37] (Walsh) and
from Ref. [36] (Aspinall), vs. those of Li3Yb(Binolate)3. Para, PCS and FC values are
in  ppm units.
Protons Eu Walsh Eu Aspinall
Para PCS FC Para PCS FC
3 17.91 18.33 −0.42 5.17 6.09 −0.92
4  3.10 3.61 −0.51 1.62 1.18 0.44
5  0.58 0.26 0.32 1.83 0.06 1.77
6 −0.72  −0.94 0.22 1.23 −0.34 1.57
7  −3.05 −1.77 −1.28 −0.92 −0.61 −0.31
8 −7.16  −4.67 −2.49 −4.66 −1.54 −3.12
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Table  11
Results of the separation of PCS and FC according to the two-lanthanides method
mixing data relative to two different alkali metals in heterobimetallic systems:
Li3Pr(Binolate)3 vs. of Na3Yb(Binolate)3. Para, PCS and FC values are in ppm units.
Protons Li3Pr(Binolate)3 Na3Yb(Binolate)3
Para PCS FC Para PCS FC
3 −18.51 −19.87 1.36 36.3 37.48 1.18
4 −4.03  −3.34 −0.69 6.9 6.30 −0.60
5  0.86 −0.64 1.50 −0.1 1.21 1.31
6  1.44 1.03 0.41 −2.3 −1.94 0.36
7  2.97 1.00 1.97 −3.6 −1.88 1.72
8  6.64 3.16 3.48 −9 −5.97 3.03
to those of Table 9: the PCS and FC of Li3Pr(Binolate)3 separated
taking the two Yb compounds as the reference are practically
identical.
5.5. DOTMA
The most involved system we wish to treat is a complete
lanthanide series of Ln DOTMA [38,39],  a chiral DOTA ana-
logue (DOTMA = 1,4,7,10-tetrakis(R)-methylacetic acid-1,4,7,10-
tetraazacyclododecane), the all-R derivative structure is reported
in Scheme 4.
Gd DOTA is one of the most widely used MRI contrast agents
and this clearly demonstrates that hydration/dehydration equi-
librium is a key feature. Water exchange has been studied with
great accuracy for this parent compound and for a number of
closely related ones [40]. Another relevant dynamic aspect consists
of an equilibrium between two different conformations, leading
to a square antiprismatic coordination (SAP) or a twisted square
antiprismatic one (TSAP) [28,38,41,42].  These two forms are usu-
ally in slow exchange on the paramagnetic NMR  timescale, as is
clearly manifest by two distinct sets of signals in the 1H spectra.
Their mole proportion is variable throughout the series, and also
their afﬁnity for water is changeable. DOTA and DOTMA are for-
mally very similar, the difference consisting of the fact that one
hydrogen atom of the acetate arms of DOTA is substituted with
a methyl group in DOTMA, which introduces a further element
of chirality. A very striking feature of these molecules is that the
PCS of TSAP and of SAP forms are proportional, on account of the
practical (accidental) identity of the geometrical factors Gi for all
nuclei [39,43]. This can be easily demonstrated by plotting the PCS
(or even the paramagnetic shifts) of the two forms of the same Ln
complex one against the other. Thus, in spite of the great geomet-
rical detail attained by paramagnetic NMR, it may  be difﬁcult to
recognize if one is dealing with one or the other form, for a new
term of this family of compounds. On the other hand, TSAP and
SAP feature relevant differences in their ability to bind water in
the ﬁrst coordination sphere and also in the dynamic exchange of
bound and bulk water, which has relevant consequences in MRI
[15,40,44].
Very commonly, the distinction between SAP and TSAP forms
is based on the difference in the most downﬁeld-shifted sig-
nals [26,45], due to protons occupying the axial “at the corner”
position in the cyclen macrocycle [46], which amounts to saying
that
|DTSAP| < |DSAP| (36)
which is in agreement with Mironov’s results for the deformation
of the square antiprism [24]. Unfortunately, when only one set of
signals is visible in the NMR  spectrum the assignment may  be less
safe. Moreover, predicting the prevalence for TSAP or SAP may  be
very difﬁcult, because of a subtle enthalpy/entropy compensation
effect [39,41], and consequent interplay with even minor solvation
or polarizability effects [45]. Ta
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Scheme 4.
Lastly, a further complication arises from the fact that unex-
pected differences in the crystal ﬁeld parameters for some
elements, notably Tm and Er are observed [45].
The linear relation between PCS for the two forms, in the context
of the present work, calls for another property: to a large extent
a plot of ıparaLn1 (i) vs. ı
para
Ln2 (i) will provide a good linear ﬁt not only
independent of Ln1 and Ln2, but also independent of the fact that
we are dealing with a TSAP or a SAP form.
To some extent, we may  say we are in a situation similar to
that described above for heterobimetallic catalysts, where we could
take advantage of data arising from complexes with different alkali
metals.
Separating FC from PCS in DOTMA (as well as in DOTA) is hardly
possible by means of the standard Reilley method, because of the
combined effect of the SAP/TSAP and of the hydration/dehydration
equilibria. Nonetheless, we obtained excellent results using our
modiﬁed method.
First of all, we choose as the reference spectrum the major form
of Yb DOTMA (which is TSAP) and we plot all the shifts of both
major and minor forms of the various Ln DOTMA (Table 12)  vs. this
set of data.
As we see from Table 13,  the correlation coefﬁcients are all fully
satisfactory. The slopes of these linear ﬁts can be used to build one
modiﬁed Reilley plot for each proton, by taking into account simul-
taneously all of the available data for Ln DOTMA in both major and
minor forms and to achieve separation of PCS and FC, as shown in
Table 14.
We  can appreciate that the quality of this separation is excellent,
as measured by the difference of Eq. (33) for Yb DOTMA and also
by the fact that the trend of FC follows reasonably closely the one
found for the correspondent protons in Ln DOTAM.
Table 13
Slopes and correlation coefﬁcients for linear ﬁts (forced through the origin) for
ıpara
Ln1 maj/min
(i) vs. ıpara
Yb maj
(i).
Lanthanide m R
Ce −0.16 0.99
Ce  min  −0.26 0.97
Pr  −0.37 0.99
Nd  −0.15 0.92
Nd  min  −0.29 0.98
Sm  −0.03 0.98
Eu  0.17 0.74
Eu  min 0.30 0.75
Tb −4.10  0.99
Tb  min  −4.96 0.99
Ho  −3.04 0.98
Ho  min  −3.86 0.96
Er  1.64 0.98
Er  min 2.56 0.96
Tm  8.47 0.98
Tm  min  4.10 0.95
Table 14
Slopes (equal to the PCS of Yb DOTMA), intercepts and correlation coefﬁcients of
modiﬁed Reilley plots for all protons in Ln DOTMA, obtained by taking the major
form of Yb DOTMA as the reference spectrum; FC terms for Yb DOTMA calculated
according to Eq. (10). The last column displays the quality parameters diff as in Eq.
(33)  for Yb DOTMA. PCS, FC and diff values are in ppm units.
Protons M Q R diff
Ax@s 89.12 0.23 0.99 4.90
Eq@s 10.66 0.51 0.94 5.66
Eq@c 13.14 0.23 0.95 −3.25
M  −13.65 0.18 0.99 −1.76
Ax@c −30.83 0.34 0.98 7.17
ac  −79.54 −0.40 0.99 4.65
6. Conclusions
We here brieﬂy reviewed the standard protocol for separat-
ing pseudocontact and contact terms from total paramagnetic
shifts in lanthanide compounds, with particular reference to axial
symmetry. We  proposed a simple but not previously described
modiﬁcation of this protocol for compensating for any variation
in crystal ﬁeld parameters. We  discussed the standard and modi-
ﬁed protocols on four sets of NMR  data taken from the literature
and on an unreported set for a chiral derivative of Ln DOTA. We  dis-
cussed the main limitation of standard protocol, consisting of the
necessity to restrict the analysis to some lanthanides characterized
by similar crystal ﬁeld parameter(s). In many cases, the change in
these parameters may  be not trivial and sometimes even unpre-
dictable, which introduces a certain degree of arbitrariness. This is
especially true in cases of signiﬁcant axial ligand dynamics, where
capped and non-capped forms may  coexist and freely exchange,
as notably found in catalytic systems and in MRI  contrast agents.
The proposed analysis offers a new “lens”, to extract the PCS from
the total paramagnetic shifts. It has the merit of avoiding any more
or less arbitrary partition into early and late lanthanides (or the
notion of “gadolinium break”) and can effortlessly and seamlessly
cope with changes in crystal ﬁeld parameters arising e.g. from axial
dynamics or from lanthanide contraction. We  cannot and do not
claim that the PCS extracted in this way are more accurate than any
other, because their “true” values are only experimentally acces-
sible through a more or less questionable separation protocol. We
only can say that they compare well with sets of geometrical factors
arising from a structural optimization. In any case, however, there
is some degree of self-reference which invalidates the comparison.
Our procedure can be classiﬁed in the context of “model free”
methods, because it makes no assumption on a speciﬁc geometri-
cal model and also avoids reference to Bleaney’s constants. It can
be used even if only a few (two) Ln derivatives of a certain complex
are characterized, independent of the position of the elements in
the series, i.e. early and late lanthanides can be analyzed simulta-
neously. One of the most interesting features of this new method
is that we can even mix  and treat together heterogeneous data,
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which is especially relevant in some speciﬁc cases where it may  be
difﬁcult to know for sure the nature of the species observed in solu-
tion, as in the case of the binaphtholate heterobimetallic systems
or in the presence of different structural forms such as in the DOTA
derivatives.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ccr.2011.05.010.
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The Structure of MLn(hfbc)4 and a Key to High Circularly Polarized
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ABSTRACT: The heterobimetallic complex CsEu[(+)-hfbc]4 (hfbc = 3-heptaﬂuoro-
butyryl camphorate), prepared by Kaizaki and co-workers, displays the highest ratio of
polarization versus total luminescence (measured by the glum factor), i.e., ∼85% of the
emitted photons at 595 nm are left-circularly polarized. We present a detailed structural
analysis in solution, based on paramagnetic nuclear magnetic resonance (NMR), and
discuss the possible dynamic processes, where its analogues are involved. We
demonstrate that the ﬁrst coordination sphere is very close to the achiral regular square
antiprism (SAPR) with D4d symmetry, which rules out the intrinsic dissymmetry of the
Eu environment for rationalizing the glum. In contrast, the dynamic coupling between the f−f transitions, responsible for the
emission, to the ligand-centered π−π* transition at 310 nm displays almost ideal geometry to justify glum and discloses a key to
high circularly polarized emission.
■ INTRODUCTION
Circularly polarized luminescence (CPL) has recently received
larger interest and, after decades where the bases were thrust
but one would ﬁnd only niche applications, it now appears to
be a promising and emerging chiroptical technique.1−4
There are at least two physical parameters that characterize a
good compound for CPL: a strong total luminescence
(measured by the quantum yield) and a marked diﬀerence in
the intensity of left- and right-circularly polarized emitted
radiation, as conveniently measured through the dissymmetry
factor, glum:
= −
+
g
I I
I I
2( )
lum
L R
L R (1)
where IR and IL are, respectively, the intensity of the emitted
right- and left-circularly polarized light. Lanthanide complexes
display very interesting properties in this context, because they
emit light in very well-deﬁned spectral regions, very often with
extremely narrow bandwidths, reminiscent of atomic spectra,
and, because of the symmetry properties of the electronic
transitions responsible for this process, they may display high
glum values.
5 To the best of our knowledge, the record
compound to date in this context is CsEu[(+)-hfbc]4 (hfbc =
3-heptaﬂuorobutyryl camphorate, Chart 1), which, in chloro-
form solution, displays a value of glum(595 nm) = +1.38, which
is very near to the maximum theoretical value of 2 (absolute
value), corresponding to a complete polarization of the emitted
bright red-orange light.6,7 None of the closely related
compounds involving the other alkali metals (Na, K, Rb)
equals this record. In contrast, CsSm[(+)-hfbc]4 also exhibits
extraordinarily high dissymmetry factors: glum(553 nm) = −1.15
and glum(598 nm) = +1.15.
7
To understand the fundamental parameters responsible for
the success of CsEu(hfbc)4, it is necessary to have a precise
knowledge of its geometry in solution, where the measurement
is carried out. The available crystallographic data are insuﬃcient
to this end,8−10 because it is well-known that lanthanide
complexes very often undergo profound structural modiﬁca-
tions upon dissolution. In contrast, paramagnetic NMR in
solution gives access to accurate geometrical parameters and
can reveal, characterize, and quantify dynamic processes,
especially for lanthanide complexes.11−13
Taking advantage of our long experience in interpreting
paramagnetic spectra of chiral lanthanide complexes and in
relating them to their chiroptical properties,14 we decided to
investigate several elements of the series of MLn(hfbc)4 in
solution. We derived an accurate solution geometry for
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Chart 1. Chemical Structure of the MLn[(+)-hfbc]4
Complexes with the Labels Used in the NMR
Characterization
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CsEu(hfbc)4 and characterized a set of equilibria that occur as a
function of solvent composition and we relate this information
to the chiroptical properties of these compounds and ultimately
to their CPL.
■ RESULTS
Solution Structure of the Cesium Derivative. All the
CsLn derivatives (Chart 1) show proton NMR spectra (CDCl3)
with eight (relatively) narrow resonances, which indicates a
static C4 complex symmetry (v.i.).
15 [For the sake of simplicity,
from this point forward, we shall refer to the complexes by
specifying only the alkali metal and the lanthanide and, where it
is required, the absolute conﬁguration of the ligand (e.g.,
CsEu(+) will be used to represent CsEu[(+)-hfbc]4).] The X-
ray diﬀraction (XRD) structure reported in refs 8 and 10 lacks
any symmetry and appears to be poorly representative of the
solution one.
The diamagnetic 1H and 13C spectra of CsLu were assigned
with standard correlation techniques; for CsYb, we took
advantage of the known relationships between δ and T1
parameters with structural geometrical features.16 This led us
to the assignment of the 1H spectrum shown in Table 1 and
Figure 1. Further homocorrelation and heterocorrelation
experiments conﬁrmed this assignment and provided 13C shifts.
Thanks to axial symmetry and assuming isostructurality and
constant crystal ﬁeld parameters, one may predict the pseudo-
contact shift (PCS) of any paramagnetic CsLn compound from
the assignment of just one.17 Thereafter, a gross estimation
(temporarily neglecting the Fermi contact shift (FC), which
will be introduced later) of the total shift for each proton in an
unknown Ln complex can be obtained by adding the
appropriate value of δdia, taken from the CsLu compound.
Using this guide, and taking advantage of the presence of the
methyl groups, which provide easily recognized singlets, we
could assign the other CsLn proton spectra (Ln ≠ La, Pm, Sm,
Gd), as reported in Table S1 in the Supporting Information.
The absence of any major dynamic structural rearrangement
is demonstrated by a simple quantitative assessment, based on
1H linewidths (Δν). Protons E and D (Chart 1) display Δνexp =
26 and 15 Hz, respectively. Following Table 1 and related
equations in ref 14, and taking the distances from Yb of 5.3 and
5.7 Å, respectively, we can calculate paramagnetic contributions
to the linewidth Δνcalc,para = 13 and 6 Hz. To these values, we
must add the diamagnetic term (a reasonable estimate is Δνdia
= 1 Hz). Moreover, we must consider that both signals are
highly structured, due to J-couplings: the largest splitting for
proton B is 13 Hz (due to a gem coupling), while for proton D,
it is 7 Hz. Summing all these terms, we obtain Δνcalc = 27 and
14 Hz for E and D, respectively, which compare extremely well
with the experimental values and rules out any broadening due
to chemical exchange. Noteworthy, there is no trace of cis−
trans isomerism, which is due to the fact that the perﬂuoroalkyl
chains are engaged in binding the alkali metal M and must all
lie on the same side of the complex.
In order to demonstrate the isostructurality of the system
along the lanthanide series and to validate the assignment, we
plotted δLn
para vs δYb
para (as reference compound), obtaining
almost-perfect linear trends for Supporting Information all the
investigated paramagnetic CsLn compounds (R > 0.99 in all
cases; see Figure S1 in the Supporting Information). Starting
from the slopes (mLn) of the δLn
para vs δYb
para, we can achieve the
PCS/FC (pseudocontact/Fermi contact shifts) separation
using our recently developed modiﬁed Reilley procedure.17
The δpara/Sz vs m/Sz plot (Figure S2 in the Supporting
Information) gave excellent results (R > 0.99 in all cases) and
the complete PCS/FC separation is reported in Table S2 in the
Supporting Information and in Table 1 for the CsYb complex.
We may observe that the m slopes are proportional to
Bleaney’s CJ constants (see Figure S3 in the Supporting
Information), without breaks along the lanthanide series: this
means that the CsLn systems do not display any major crystal
ﬁeld parameter variation, i.e., there is no apparent coordination
number variation along the series.17
The next step is to use the PCS values extracted from the
total paramagnetic contribution to evaluate the solution
structure through the routine PERSEUS:14,18 the result for
the CsYb derivative is reported in Figure 2, with two views,
along and perpendicular to the C4 symmetry axis. The
assignment of the ﬂuoroalkyl chains in a paramagnetic
derivative (except for the CF3 group) is not trivial, and we
could not include them in the calculation.
A relevant geometrical parameter of this structure is the bite
angle, which is deﬁned as the trans O−Yb−O bond angle,
which is 101.3°, and provides an indication that the lanthanide
is very poorly accessible to axial ligands.19 For comparison, we
Table 1. CsYb NMR 1H and 13C Experimental Shifts and
Longitudinal Relaxation Times: Proton Pseudocontact and
Fermi Contact Shifts
Chemical Shift
(ppm, CDCl3)
Position δ
1H δ
13C
Longitudinal
Relaxation Times, T1
(ms)
PCSa
(ppm)
FCb
(ppm)
Me1 −10.87 8.27 24 −12.07 −0.11
Me2 −4.70 11.60 181 −5.51 −0.04
Me3 17.68 ND 17.7 17.01 −0.05
A −8.83 8.97 83 −10.18 0.06
B −25.09 8.97 23 −26.09 −0.03
C −10.37 9.04 133 −12.26 0.01
D −17.20 18.10 76 −19.87 0.06
E −19.92 9.04 54 −20.99 −0.04
aPCS = pseudo-contact shift. Evaluated using our “all lanthanides”
methodology.17 bFC = Fermi contact shift. Evaluated using our “all
lanthanides” methodology.17
Figure 1. 1H NMR spectrum of CsYb (600 MHz, CDCl3).
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recall that the TSAP isomer of Yb DOTA displays a value of
133° and, for late lanthanides, it is noncoordinated to water.20
This can be taken as a ﬁrst indication of the poor propensity of
CsLn compounds to bind axially to water or other ligands (v.i.).
A very remarkable aspect of this geometry is that the twist
angle (α) between the upper and lower squares (see Figure 2)
in the coordination polyhedron is −41.4°, indicating an almost-
perfect square antiprism (SAPR): this means that the ﬁrst
sphere around Ln3+ is practically achiral for all CsLn complexes,
a fact which will be the object of our discussion below. A ﬁnal
important geometrical feature of this structure is the ψ angle
between the C4 axis and the diketonate plane, which is equal to
−27.5°, which will also be used later.
In Tables S3 and S4 in the Supporting Information, we
report the details of the PERSEUS output with the diﬀerences
between the experimental values and the calculated values, in
order to testify the quality of the results (using Table S3 in the
Supporting Information for the shifts and Table S4 in the
Supporting Informationfor the relaxation rates). The agreement
factor, which is deﬁned as
=
∑ −
∑
×
x x
x
AF (%)
( )
100i i i
i i
,calc ,exp
2
,exp
2
of this structure is extremely good (below 8%, using both
proton and carbon resonances).
Any other structure in solution, e.g., DD-D2 or DD-D2d, must
be excluded for all elements of the series CsLn in CDCl3.
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Solution Study Varying the Alkali-Metal Counterion.
NMR. It has been known for a long time that, upon dissolution,
tetrakis Ln camphorates can undergo the dissociative
equilibrium of eq 2.21
⇄ + ↓+ − + −M [ln L ] ln L M L4 3 (2)
The Keq value is primarily determined by:
• the intrinsic stability of the tetrakis species M+[LnL4]−
(dependent solely on the alkali metal and only weakly on
the lanthanide ion);
• the stability and the speciation of the tris compound
LnL3;
• the solubility of M+L− in chloroform (or the solvent
used).
We have seen above that axial ligation is inhibited in all
CsLn(hfbc)4, because of the small bite angle, and we may
reasonably generalize this observation to all MLn(hfbc)4. In
contrast, it surely occurs for Ln(hfbc)3: among this series of
compounds, there are several well-known NMR chiral shift
reagents, which is a property due exactly to their ability to
(reversibly) bind organic molecules containing donor
atoms.22,23 Consequently, in eq 2, LnL3 must be intended as
a collection of species diﬀering for the axial site occupancy,
depending on solvent nature and composition. The solubility of
M+hfbc− in apolar solvent increases with the ionic radius of M+.
In fact, we observed that, starting from perfectly clear
chloroform or dichloromethane solutions, in the course of
several minutes or hours, there is the formation of a white
precipitate, the abundance of which is ranked in the following
order: Na > K > Rb. For Cs, the solutions never showed any
decomposition.
One obtains a clear picture of the solution equilibria, by
means of 19F NMR of the CF3 signal (CDCl3) of the MEu
derivatives and of commercial Eu(hfbc)3, shown in Figure 3.
We identiﬁed the tetrakis (−81.9 ppm) and tris (−82.2 ppm)
species as the major signals of the CsEu(hfbc)4 and of the
commercial Eu(hfbc)3, respectively. In both spectra, there is a
smaller signal at −80.2 ppm, which can be assigned to the free
hfbc ligand. This latter one is present in all spectra, as a sharp
line (the J-multiplet is not resolved) exactly at the same shift,
and witnesses a certain degree of decomposition in all of the
samples, including the commercial one.
The CF3 signal for the tetrakis complexes moves high-ﬁeld,
from Na to Cs (NaEu = −80.89, KEu = −80.92, RbEu = −81.39
ppm, CsEu = −81.92 ppm), possibly due to the increasing
electron density on CF3. The time evolution of these solutions
is apparent: NaEu(hfbc)4 practically disappeared within ∼3 h,
leading to a mixture of the tris complex and of the solid
precipitate of Na+hfbc− (the signal of free ligand is constant,
because it is leveled by solubility product); K and Rb follow a
similar fate much more slowly, while Cs remains constant.
Figure 2. Solution (CDCl3) structure of CsYb in two diﬀerent views: along (left) and perpendicular (right) to the C4 axis. The perﬂuoropropyl
chains could not be used in the calculation, as explained in the text, and they have been represented here as triﬂuoromethyl groups only for a more
eﬀective visual recognition, without any structural optimization.
Inorganic Chemistry Article
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The signal of Eu(hfbc)3 appears variably broadened and
slightly shifted in the diﬀerent samples (or at diﬀerent times),
because of the dynamic equilibrium at the axial position17 and
because of cis−trans ( fac-mer) isomerism.
Inspection of the 1H NMR spectra of the hfbc system in
CDCl3 for Na, K, and Rb conﬁrms the dynamic process just
outlined: noteworthy, in Na and K derivatives for several terms
of the lanthanide series, the proton spectra show the
contemporary presence of a broad paramagnetic set of
resonances and a narrow paramagnetic set of resonances,
which we ascribed respectively to the tris and tetrakis
complexes, in slow exchange on the NMR time scale. The 1H
spectrum of RbYb is particularly illustrative, because it features
the coexistence of a set of sharp signals at identical shifts as
CsLn, and a set of very broad ones at completely diﬀerent shifts.
Interestingly, by adding of Cs+ (CsCl) to a sample of NaYb (see
Figure S4 in the Supporting Information), we observe the
emergence of the sharp signals of the tetrakis CsYb. [This NaYb
spectrum features a set of broad resonances mixed with sharp
peaks. These latter ones are clustered in patterns of three
signals around each shift of the tetrakis species, as if they were
due to three very similar structures non- (or extremely slowly)
exchanging. At the moment we are not able to provide a
convincing explanation of this phenomenon.] This demon-
strates the thermodynamic preference for CsLn, in solution,
with respect to the other alkali metals. [Apparently, CsLn
represents an energy minimum, with respect to the other MLn,
and the Cs ion perfectly ﬁts in the structure as a keystone in a
vault, which is also in agreement with the ﬁndings of ref 9. In
the MPr samples (M = K, Rb), we can observe that the residual
water is strongly shifted upﬁeld, as a proof that water is axially
bonded (and in fast free/bound exchange) to the tris complex
Pr(hfbc)3. Moreover, at room temperature, for the praseodi-
mium complexes, we can observe only one set of broad signals
due to a fast/intermediate exchange between tetrakis and tris
forms (the latter ones with further cis/trans isomerism): low-
temperature experiments for the RbPr complex show
decoalescence of the proton resonances.
(1) the smaller value of the magnetic susceptibility D for this
ion makes the requisite for fast exchange less stringent
than e.g. Yb;12,13
(2) it is not unusual that early lanthanides display faster
ligand exchange rates than the late elements.
One ﬁnal remark concerns the shift of water resonance.
While in all the CsLn 1H spectra, the water signal is around the
usual value of 1.5 ppm, for all the samples obtained from the
other alkali-metal compounds, δH2O is strongly shifted upﬁeld or
downﬁeld, according to the sign of DLn and, ultimately, the sign
of CJ. [For example, Pr induces a lowﬁeld, while Yb a strong
upﬁeld shift.] This is a further proof that water is axially bonded
to the lanthanide, which is possible only for the tris complex,
generated from the decomposition described in eq 2.
Electronic Circular Dichroism in the Ultraviolet (UV)
Range. What we have observed in the NMR experiments can
enlighten the interpretation of electronic circular dichroism
(ECD) experiments in the UV, which provides a completely
independent viewpoint on the systems and, unlike NMR, is a
fast technique (i.e., it is insensitive to exchange rates).
The ligand-centered ECD (LC-ECD) in these complexes is
largely, but not solely, determined by the exciton coupling
between the π−π* transitions of the camphorate chromophores
(λmax ≈ 310 nm), with electric transition dipole moment
polarized along the diketonate O−O direction. The three most
relevant parameters of the LC−ECD are (1) the couplet
amplitude (diﬀerence in intensity between peak and trough);
(2) the Davydov splitting (wavelength diﬀerence between peak
and trough); (3) the crossover point (where CD becomes
zero); and (4) the couplet asymmetry (diﬀerence in the integral
of the positive and negative bands).
Before attempting any speculation on the role of exciton
coupling, one must ascertain the role of intrinsic camphorate
ECD. It consists of a broad (half width at half-maximum = 30
nm) positive Cotton eﬀect at ∼310 nm, which is superimposed
to all features arising from through-space interactions between
chromophores and contributes to couplet asymmetry.
The four parameters above are sensitive to the angle between
the transition dipole moments and ultimately to the mutual
orientations of the lines joining the two O atoms on each
diketonate moiety.24
Focusing again on the MEu(+) complexes, we recorded the
solution ECD spectra on 3 mM solutions (Figure 4) in diﬀerent
solvents: chloroform stabilized with amylene, chloroform
Figure 3. 19F NMR (CDCl3, 3 mM) spectra (particular) of the MEu
system (M = Na, K, Rb, and Cs) and of the Eu(hfbc)3. All the chemical
shifts are referred to CFCl3 as an external standard.
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stabilized with ethanol, and dichloromethane. We made a few
key observations:
• The presence of ethanol, the most common CHCl3
stabilizer (∼0.5%−1%, v/v), deeply perturbs the
equilibrium mixture, because it determines the ethanol-
ysis of the MLn tetrakis complex for Na, K, and Rb. In
fact, NaEu(+) yields practically only the tris form
Eu(hfbc)3 in the few minutes necessary to sample
preparation, and its ECD spectrum is almost equal to
that of commercial Eu(hfbc)3 (two very weak positive
bands for (+)-hfbc); in addition, the couplet amplitudes
for KEu and RbEu in CHCl3−EtOH are the lowest ones,
with respect to the other two solvents, while CsEu is
almost equal for shape and intensity.
• In all these samples, we noticed the same precipitation
phenomena discussed above, with Na > K > Rb; for
dichloromethane and ethanol-stabilized chloroform, the
absolute amounts of solid (starting from the same
concentrations) are greater than for the amylene−
chloroform solutions. [The spectra were always recorded
on the clear part of the solution.]
• The ECD spectra for the MEu(+) complexes in amylene-
stabilized chloroform immediately after dissolution
undergo a time evolution: as shown in Figure S6 in the
Supporting Information, for Na, K, and Rb, we observe
the decrease of the couplet amplitude as a result of the
formation of the tris complex, with rates that follow the
order Na > K > Rb, in agreement with what we noticed
for the 19F NMR spectra. The CsEu(+) ECD spectrum
remains unaltered, as expected.
• The “time zero” MEu(+) ECD spectra in amylene−
chloroform, similar to the 19F NMR spectra discussed
above, contain the tetrakis species, prevalently, for each
alkali-metal derivative. As a consequence, the diﬀerent
crossover points (λzero follows the order Na < K < Rb <
Cs), the diﬀerent couplet amplitudes, and the overall
shape must be ascribed to slightly diﬀerent solution
structures, which may be the object of further study.
To conclude this section, we observe the following for
MLn(hfbc)4:
(1) The lighter alkali metal induces a higher propensity to
decomposition to the tris complex Ln(hfbc)3 (with the
precipitation of M+hfbc−).
(2) CsLn(hfbc)4 does not show any decomposition, neither
with time nor with solvent composition.
(3) The geometry of the tetrakis species is aﬀected, to some
extent, by the size of M, as demonstrated by the (small)
changes in the four spectroscopic parameters of the ECD
spectra listed at the beginning of this section and by the
1H-shifts (data not discussed in detail).
Because the focus of our work is on CsLn(hfbc)4 and because
the study of the complexes with other alkali metal in
chloroform is complicated by the existence of the dissociation
equilibrium, we did not further investigate the structural
modiﬁcations induced by the diﬀerent M-cations.
Geometrical Features of CsEu(hfbc)4 and the Origin of
Strong CPL. As we demonstrated above, these heterobimetal-
lic compounds may undergo a more or less rich network of
equilibria, depending on the alkali metal and the solvent. The
only species that are stable and homogeneous in the series are
Figure 4. ECD spectra of MEu(+) complexes. We use the term “Tris” to indicate commercial Eu(hfbc)3.
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the Cs compounds: CsEu, interestingly, also has the highest glum
factor.
A ﬁrst observation is that we deal with a robust coordination
cage, providing eight coordination sites and precluding access
to axial coordination, thanks to a small bite angle. This strong
Cs−F bond survives in solution, even in the presence of polar
protic solvents (EtOH), because of a good match between
steric and electrostatic eﬀects between the alkali ion and the
perﬂuoroalkyl chains. Such a rigid environment and the absence
of O−H oscillators around Eu3+ ensures good total
luminescence.
The most remarkable aspect, however, consists of the fact
that ∼85% of the emitted photons at ∼595 nm are left-
circularly polarized (for CsEu(+)), and it would be extremely
useful to ascertain which feature can be held mostly responsible
for such a high discrimination.
The CPL intensity of a (electronic) transition a→ b is
related to the rotational strength, Rab:
μ= ⟨ | | ⟩·⟨ | | ⟩R a b b amIm[ ]ab (3)
where Im stands for the imaginary part, the dot represents the
scalar product between the vector operators μ and m denoting
the electric and magnetic dipole moments, respectively.
Intraconﬁgurational f−f transitions in lanthanides generally
are electric dipole (Laporte) forbidden, because they occur
among states of equal parity, which is true, in particular, for the
5D0→
7F1 of Eu
3+ responsible for the 595-nm emission band. In
order to gain rotational strength, it must acquire some electric
dipole moment collinear with the magnetic one: following eq 1
and recalling that total absorption intensity is mostly due to the
(electric) oscillator strength, one can derive the relation25
μ
τ=
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟g m4 cosab ab
ab
ab
(4)
where mab and μab represent the moduli of the terms in angular
brackets in eq 3 and τab the angle between the electric and
magnetic dipole transition moments. In axial (presently, C4)
symmetry, τab is necessarily 0°, 90°, or 180°, yielding positive,
vanishing, or negative gab (and, equivalently, CPL signals).
Reference 25 provides theoretical insight into some of the
factors determining CPL in Ln DOTA-like systems, whose
square SAPR coordination cage is very similar to CsLn(hfbc)4.
The focus of that analysis is on the cage provided by the ﬁrst
coordination sphere around the emitter, which is chiral only if
the twist angle α (deﬁned above and shown in Figure 2) is
α ≠ ° °0 , 45
because the former value corresponds to a cubic coordination,
the latter to a perfect square antiprism, which are both locally
achiral. According to ref 25, the relative CPL should follow an
equation
α α≈CPL sin 2 cos 2 (5)
which, in DOTA-like Eu compounds, apparently leads to only
modest values of glum (<0.3).
In the SAPR coordination of DOTA-like systems, the twist
angle is approximated as
α = °40DOTA
i.e., a value close to that presently found for CsLn(hfbc)4 (as
seen above, α = −41.4°) and, accordingly, one may expect a
grossly similar value of glum, which is clearly not the case.
The so-called static coupling mechanism,26 which is implicit in
the former analysis and is based only on the oxygen donor
atoms of the Ln coordination sphere, is apparently insuﬃcient
to fully justify the extraordinary glum values of CsEu and CsSm
and a further source of symmetry-breaking must be sought
elsewhere. The next most obvious step is dynamic coupling26,27
between Ln3+-centered magnetic dipole transitions (Ln = Eu or
Sm) and the polarizabilities brought about by the nearby and
tightly bound diketonates through their π−π* transition at
∼310 nm.
At the origin of this mechanism, there is an electrostatic
interaction between an electric multipole, associated to the
lanthanide-centered magnetic transition (e.g., 5D0→
7F1 for
Eu3+), and ligand-centered electric dipoles μ. This perturbation
element breaks the (almost-perfect) D4 symmetry of the
lanthanide chromophore only if μ is skewed, with respect to the
symmetry axis. This geometrical condition is exactly met
presently, because the ligand-centered π−π* transition moment
is oriented as the line joining the two O atoms. Following
Figure 2, this is measured by the angle
ψ = − °27.5
This value (absolute value) is almost midway between the two
achiral situations (ψ = 0°, 90°), whereby a value of |ψ| = 45°
would correspond to a maximum chirality.
Near-Infrared Electronic Circular Dichroism (NIR-ECD)
of CsYb. As further, independent proof of the major role of
dynamic coupling, compared to static coupling, we may
consider the chiroptical properties of the extremely simple set
of transitions provided by the 2F7/2→
2F5/2 of the CsYb
analogue.28 Unlike that for most other Ln3+ species, this
spectroscopic term is isolated and cannot borrow/lend
rotational strength intraconﬁgurationally.
The NIR-ECD of CsYb is shown in Figure 5. It consists of a
series of strongly overlapping bands, which are due to the
crystal-ﬁeld splitting (CFS) of the ground and excited states
(which, for the isolated ion, would be 4- and 3-fold degenerate,
respectively). [A further degeneracy arises from Kramers
doublets due to Yb3+ paramagnetism. Because this is not lifted
by CFS, it is ignored here.] Although it displays negative, as
Figure 5. Near-infrared electronic circular dichroism (NIR-ECD)
spectrum of the CsYb(−) complex (in CHCl3).
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well as positive, signals, it is very clear that the overall rotational
strength is nonvanishing (for CsYb(−), it is negative): this is
proof that this chiroptical property is not conﬁned within the f-
manifold but, rather, is due to a coupling involving other
electronic transitions. The transition that is strongest and
nearest in energy is the diketonate π−π* transition at ∼310
nm. Such an occurrence can be found in other Yb-complexes
with achiral coordination polyhedra, but with dissymmetrically
arranged ligands endowed with strong electric-dipole tran-
sitions.29 In contrast, when the ligand is nonchromophoric, as it
is in most Yb-DOTA derivatives,30 or when the chromophore is
remote from the lanthanide ion,31−34 the NIR-ECD spectra
display compensation of rotational strengths (this is also called
a conservative shape).
Interestingly, one can make the same observation on the Eu3+
CPL spectra at ∼590 nm: when static coupling is dominant, the
two bands of the 5D0→
7F1 transition are oppositely signed and
compensate,32 whereas in dynamic coupling, as in the present
one and those listed in ref 4, there is a nonvanishing integral
CPL at ∼595 nm.
■ CONCLUSION
CsEu provides the largest reported CPL dissymmetry factor
(glum = 1.38), which implies that ∼85% of the emitted photons
at 595 nm are left-circularly polarized.
The analysis of the paramagnetic NMR spectra reveals the
isostructurality in solution across the series. We could
accurately extract pseudo-contact shifts and relaxation rates
and use them to determine a reliable solution structure, which
displays an almost-perfect square antiprismatic Ln3+ coordina-
tion.
Apparently, Cs+ ﬁts in the cavity of perﬂuorinated chains very
well and establishes strong binding interactions, preventing any
dynamic rearrangement and providing a rigid structure, where
the bite angle above the lanthanide ion is so small to prevent
axial binding (e.g., to water). This aspect may concur in
preventing Eu-luminescence quenching, frequently encoun-
tered in hydrated complexes.
The extraordinary value of glum cannot be due to the chirality
of the coordination polyhedron, as tentatively suggested in the
literature, but may be largely attributed to the dynamic coupling
involving the diketonate π−π* transition. Indeed, the related
dipoles display a skew angle of |ψ| = 27°, with respect to the
main symmetry axis, which is relatively close to the ideal value
of 45° to induce maximum rotational strength and maximum
polarized luminescence.
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 Table S1. 1H, 13C NMR shifts and proton-T1 relaxation times of LnCs(hfbc)4 complexes, chemical shifts are in ppm units. 
 
Table S2. PCS/FC separation for proton data achieved by our “all lanthanides” methodology for the LnCs(hfbc)4 system. Diff parameter is defined by the Equation 
( ) ( ) ( ) ( )Para PC,calc Con,calcYb Yb Ybdiff i i i i ; PCS, FC and Diff are in ppm units. 
 
Pr Eu Tb Dy Er Tm Yb 
Protons PCS FC Diff PCS FC Diff PCS FC Diff PCS FC Diff PCS FC Diff PCS FC Diff PCS FC Diff 
Me1 4.35 0.12 0.31 -3.26 -0.45 0.19 56.49 -1.34 2.69 49.37 -1.20 0.53 -33.07 -0.65 -2.63 -68.20 -0.34 -0.06 -12.07 -0.11 0.42 
Me2 1.98 0.05 0.23 -1.49 -0.17 -0.05 25.79 -0.51 0.74 22.54 -0.46 0.59 -15.10 -0.25 0.18 -31.13 -0.13 0.14 -5.51 -0.04 0.03 
Me3 -6.12 0.06 0.71 4.59 -0.20 -0.08 -79.61 -0.60 3.28 -69.57 -0.54 1.78 46.61 -0.29 0.34 96.11 -0.16 0.73 17.01 -0.05 -0.08 
A 3.66 -0.07 -0.14 -2.75 0.25 0.06 47.64 0.73 -0.06 41.64 0.66 -0.23 -27.89 0.35 -0.09 -57.52 0.19 0.19 -10.18 0.06 -0.16 
B 9.39 0.04 -0.18 -7.04 -0.14 -0.29 122.10 -0.41 0.09 106.71 -0.37 -0.72 -71.49 -0.20 0.30 -147.41 -0.11 -0.05 -26.09 -0.03 -0.09 
C 4.41 -0.01 0.31 -3.31 0.05 -0.29 57.38 0.14 1.14 50.14 0.13 1.55 -33.59 0.07 0.10 -69.27 0.04 0.33 -12.26 0.01 -0.01 
D 7.15 -0.07 0.32 -5.36 0.26 -0.21 92.99 0.76 0.75 81.27 0.68 1.18 -54.44 0.37 0.54 -112.27 0.20 0.16 -19.87 0.06 0.01 
E 7.56 0.04 0.01 -5.67 -0.15 0.01 98.23 -0.45 -0.51 85.85 -0.40 0.61 -57.51 -0.22 0.38 -118.59 -0.11 0.25 -20.99 -0.04 -0.15 
 Lu Pr Eu Tb Dy Er Tm Yb 
Position δ1H δ13C T1 (ms) δ
1H
 T1 (ms) δ
1H
 δ13C T1 (ms) δ
1H
 δ1H δ1H δ1H δ1H δ13C T1 (ms) 
Me1 0.80 19.90 530 5.58 117 -2.72 16.91 ND 58.64 49.50 -35.55 -67.80 -10.87 8.27 24 
Me2 0.82 18.10 570 3.08 323 -0.89 13.80 464 26.84 23.49 -14.34 -30.30 -4.70 11.60 181 
Me3 0.89 8.38 630 -4.47 141 5.20 13.60 105 -76.04 -67.44 47.55 97.58 17.68 ND 17.7 
A 1.45 28.80 350 4.91 174 -0.99 32.66 252 49.76 43.51 -26.18 -55.69 -8.83 8.97 83 
B 1.12 28.80 380 10.37 97 -6.35 32.66 104 122.90 106.74 -70.27 -146.45 -25.09 8.97 23 
C 1.89 26.60 410 6.60 187 -1.66 21.90 273 60.55 53.71 -31.53 -67.01 -10.37 9.04 133 
D 2.60 47.20 920 10.00 253 -2.72 43.42 ND 97.11 85.73 -50.93 -109.31 -17.20 18.10 76 
E 1.26 26.60 520 8.86 137 -4.55 21.90 157 98.54 87.32 -56.09 -117.20 -19.92 9.04 54 
 Figure S1. δparaLn vs. δ
para
Yb plot for the LnCs(hfbc)4 system. 
 
Figure S2. Modified Reilley plot for the LnCs(hfbc)4 system. The slopes (M) and the intercept (Q) are used for the PCS/FC 
separation. 
 Figure S3. Bleaney’s constants CJ vs. m slopes plot. The good linearity reveals that the crystal field parameters remain 
constant for all investigated compounds. 
Table S3. Details of the PERSEUS output for the chemical shifts. 
Nucleus PCS Calculated PCS Experimental Δδ 
H22 (D) -19.16 -19.87 0.71 
C3 (D) 18.48 18.1 0.38 
H20 (E) -22.24 -20.99 -1.25 
H21 (C) -12.39 -12.26 -0.13 
C2 (CE) 5.27 9.04 -3.77 
H19 (B) -24.67 -26.09 1.42 
H18 (A) -9.51 -10.18 0.67 
C1 (AB) 9.48 8.97 0.51 
H26-27-28 (Me1) -11.10 -12.07 0.97 
C10 (Me1) 8.11 8.27 -0.16 
H23-24-25 (Me2) -5.43 -5.51 0.08 
C9 (Me2) 11.14 11.6 -0.46 
H29-30-31 (Me3) 15.14 17.01 -1.87 
 
Table S4. Details for the PERSEUS output for the paramagnetic relaxation rates. 
Nucleus obs Calculated obs Experimental Δ  
H22 (D) 8.44 12.07 -3.63 
H20 (E) 12.52 16.59 -4.07 
H21 (C) 3.47 5.08 -1.61 
H19 (B) 20.15 4.82 15.33 
H18 (A) 4.55 9.19 -4.64 
H26-27-28 (Me1) 48.36 40.09 8.27 
H23-24-25 (Me2) 5.48 3.78 1.7 
H29-30-31 (Me3) 38.96 54.61 -15.65 
  
Figure S4. NaYb, NaYb + excess CsCl and RbYb 1H NMR spectra (600 MHz, CDCl3). 
 Figure S5. NaYb, NaYb + excess CsCl and RbYb 1H NMR spectra (600 MHz, CDCl3). 
 Figure S6. Variation of the ellipticity of the positive maximum of the ECD couplet for the MEu(+) derivatives in time (CHCl3 
amylene stabilized). 
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The VCD spectra of lanthanide chelates with two chiral ligands
display conserved sequences of bands throughout the Ln series.
Some compounds (Tm, Yb) feature increased bands and strongly
improved signal-to-noise ratios, an eﬀect we dub Lanthanide
Induced VCD Enhancement (LIVE).
Vibrational Circular Dichroism (VCD) is one of the most
relevant methods for stereochemical assignments,1,2 but often
suﬀers from the modest intensity of the bands, compared to total
vibrational absorption (VA), which calls for long acquisitions,
possibly plagued by instrumental instability. Increasing VCD
bands amplitude while leaving VA unchanged would allow one
to record spectra in shorter time (reducing spectrometer drifts),
on more dilute solutions (reducing the necessary material and
problems arising from intermolecular interactions). Strong VCD
eﬀects have been recently reported for exciton-coupled carbonyl
oscillators.3
In the presence of low-lying electronic states (LLES), a VCD
enhancement is made possible by a coupling between the magnetic
transition dipole (mtd), brought about by the electronic transition,
and the vibrational ones, which commonly have a large electric
dipole (etd) character.4 Such an eﬀect is known for d-metals,5–12
and in particular for Co2+ complexes. Although one may
foresee further interesting developments especially in the ﬁeld
of metal-binding biomolecules and metalloproteins,13 so far
only little practical advantage has derived, possibly on account
of the fact that the enhanced VCD spectra are not at all
correlated with the ones of molecules/complexes lacking
LLES. As a consequence, the information encoded in the
spectra is diﬃcult to interpret and it does not easily provide
the conformational/conﬁgurational information which is
commonly sought from chiroptical spectroscopies.
In the following, we demonstrate that for the ions of the
lanthanide series, the sequence and the gross relative amplitudes
of the bands are conserved. This nice feature is joined to the
isostructurality of complexes involving nearby lanthanides
and may open the way to further applications of a Lanthanide
Induced VCD Enhancement (LIVE). As we shall see, this
eﬀect is diﬀerent from the VCD enhancement due to charge
transfer, because it depends only on the nature of Ln3+ and
not on the presence of a ligated anion.14,15
Most Ln3+ (Ln a La, Gd, Lu) have low-energy intraconﬁ-
gurational f–f transitions (wavenumbers of the lowest-lying ones
are collected in Table 1), which are ﬁrst order Laporte-(etd-)-
forbidden and may be mtd-allowed (according to known selection
rules),16 representing potential candidates for similar eﬀects.
We decided to study two very diﬀerent sets of lanthanide
complexes, whose structures in solution were determined bymeans
of paramagnetic NMR: Ln DOTMA17 and Ln Lasalocid.18 The
former is an analogue of a popular MRI contrast agent (Gd
DOTA) and is a very stable water-soluble chelate. It exists as the
dynamic mixture of two diastereomers, diﬀering in the coordina-
tion geometry: the TSA (Twisted Square Antiprism) largely
dominates vs. the other one (SA, Square Antiprism) throughout
the series.19,20 Lasalocid is an ionophore and an antibiotic used in
veterinary medicine. It forms stable Ln-complexes, which are
soluble in apolar solvents and are in the free/bound exchange
regime on the paramagnetic NMR timescale (Scheme 1).
In both cases, the free ligands can assume multiple con-
formations18,19 and have very small and poorly informative
VCD eﬀects (Fig. SI1 and SI2, ESIw). In contrast, their
complexes with Ln3+ assume a well-deﬁned conformation,
which is conserved throughout the complete series La–Lu for
Ln DOTMA and at least for Tb–Lu for Lasalocid (the only
complexes studied herein), which excludes any major role of
structural variation to the spectra we shall compare. The VCD
of the La3+, Gd3+ or Lu3+ complexes can be taken as the
reference spectra in the present context, because these three
ions are characterized by the absence of excited electronic
states below 30  103 cm1, which is in the UV.
VCD spectra for Ln DOTMA the reference spectra are La
and Lu DOTMA (Fig. 1). They are very similar to each other,
which is further proof of the isostructurality throughout the
series, and display VCD signals of moderate intensity. In the
present discussion, we neglect Sm and Eu compounds, because
both may have contributions arising from electronic CD in the
mid-IR, which will be the object of further investigation.
For Ce–Tb (Fig. 2) some of the VCD lines are much more
intense than in the reference compounds (notice the change of
a Scuola Normale Superiore, Piazza Cavalieri 7, I-56126 Pisa, Italy
bDipartimento di Chimica e Chimica Industriale, Universita` di Pisa,
Via Risorgimento 35, I-56126, Pisa, Italy. E-mail: ldb@dcci.unipi.it;
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w Electronic supplementary information (ESI) available: Instrument
and measurements, synthesis, VCD spectra of the ligands and of the
other Ln Lasalocid derivatives (Tb and Dy), details of the Ln
Lasalocid normalization, absorption spectra of LuDOTMA and
ErLasalocid. See DOI: 10.1039/c2cc36455g
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scale) but display the same sequence of signs and relative
amplitudes.
Yb and Tm DOTMA (Fig. 3) display the strongest enhance-
ments, with VCD bands perfectly coherent to the other Ln3+
ions and notably to the reference compounds and are about
one order of magnitude more intense.
In order to further demonstrate that the increase in
VCD intensity promoted by some lanthanide ions has the
extremely important feature of conserving sign and overall
aspect of the spectrum, let us now discuss the complexes of
Lasalocid with the late lanthanides, which proved to be the
most eﬀective ones in Ln DOTMA. The spectra shown in
Fig. 4 are almost self-explicative: in order to make a direct
comparison to the Lu adduct, the VCD spectra of Yb and Tm
were divided by 2 and still they are much more intense and
better deﬁned.
Table 1 Energy levels (cm1) of the ﬁrst excited states of Ln3+ ions
Lanthanide Cea Prb Ndb Smb Euc Tbd Dyb Hob Erb Tmb Yba
E1 (cm
1) 2250 2160 1880 1040 380 2115 3465 5020 6490 5730 10140
E2 (cm
1) 4300 3900 2250 1040 3270
E3 (cm
1) 5000 3570 1880 4415
E4 (cm
1) 4960 2870 4950
E5 (cm
1) 3910
E6 (cm
1) 4980
a F. S. Richardson, M. S. Reid, J. J. Dallara, R. D. Smith, J. Chem. Phys., 1985, 83, 3813. b W. T. Carnall, P. R. Fields, K. Rajnak, J. Chem. Phys.,
1968, 49, 4424. c W. T. Carnall, P. R. Fields, K. Rajnak, J. Chem. Phys., 1968, 49, 4447. d W. T. Carnall, P. R. Fields, K. Rajnak, J. Chem. Phys.,
1968, 49, 4450.
Scheme 1 Ln DOTMA and Lasalocid chemical structure.
Fig. 1 VCD spectra in D2O solution (50 mM) of the reference
compounds for Ln DOTMA (Ln = La, Lu), with f0 and f14 electronic
conﬁgurations, which lack LLES. The region between 1280 and 1160 cm1
was erased because it is obscured by the D2O signal.
Fig. 2 VCD spectra of Ce, Pr, Nd and Tb DOTMA (D2O, 50 mM).
The region between 1280 and 1160 cm1 was erased because it is
obscured by the D2O signal.
Fig. 3 VCD spectra of Tm, Yb and Lu DOTMA (D2O, 50 mM). The
region between 1280 and 1160 cm1 was erased because it is obscured
by the D2O signal.
Fig. 4 Normalized VCD spectra of Lu (black continuous), Yb (purple
dotted), Tm (pink dashed) Lasalocid adducts ca. 30 mM in CD3CN. The
spectra of Yb and Tm Lasalocid were divided by 2. For normalization
see the ESI.w
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The S/N for the Lu spectrum is below 30, while for Yb it is
above 100 and for Tm it is well above 200, although the
acquisition time was kept constant to about 1 h for the three
experiments. Each line detected in the Lu spectra has its exact
replica in the Yb and Tm ones, which also show at least a
couple more signals (around 1430 and 1590 cm1).
In conclusion, we demonstrated that the intensities of VCD
spectra of Ln compounds depend on the electronic conﬁgu-
ration of Ln3+ but the sequence, signs and also gross relative
amplitudes of signals remain very similar in two widely
diﬀerent cases (a water soluble inert macrocyclic chelate and
a dynamic adduct in acetonitrile). We made consistent com-
parisons of isostructural complexes, demonstrating that VCD
intensity is not necessarily extraordinary per se (it is indeed
remarkably large in the case of DOTMA, but less so for
Lasalocid), but it is increased e.g. for Tm or Yb compounds.
Apparently, all normal modes experience some enhance-
ment (so as to preserve the gross appearance of the spectra),
although one must be aware that in both cases the complexes
are small and compact around the Ln ion: we are still working
on a complete theoretical account of the coupling mechanism,
but we foresee an important role of the Ln3+–oscillator
distance. A point that we consider very relevant in establishing
a coarse diﬀerence between lanthanides and other transition
metals endowed with LLES consists in the fact that the latter
ones bring about a noticeable unpaired electron-delocalization
onto the organic ligand and Woutersen et al. demonstrated
that large VCD enhancements are found in the case of organic
radical anions.12 In contrast, owing to the inner character of
the 4f-electrons in Ln3+, the ligand–metal interaction occurs
largely through-space (not through-bonds) and constitutes
only a perturbation to the ligand electronic states.
The fact that we ﬁnd an enhancement of e.g. Yb or Tm vs.
the Lu compound rules out the charge ﬂow mechanism found
e.g. for the N–H stretchings in [Co(en)3]
3+, because this eﬀect
would act equally on the reference as on the enhanced spectra,
owing to their isostructurality.14,15
We dubbed this enhancement LIVE, in analogy to LIR and
LIS (Lanthanide-Induced Relaxation/Shift) in the NMR con-
text.21 This ﬁnding will have immediate consequences in the
ﬁeld of chiral lanthanide compounds, which are receiving
interest especially in the ﬁelds of enantioselective catalysis22
and of optical devices with circularly polarized luminescence.23
Furthermore, by taking inspiration from NMR shift reagents,
induction of LIVE onto other molecules, reversibly binding
Ln3+ complexes, may also be envisaged. We are currently
exploring these two possibilities.
This work is ﬁnancially supported by MUR: Project PRIN
2009PRAM8L.
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Shape-conserving enhancement of Vibrational Circular Dichroism in 
Lanthanide Complexes 
Samuele Lo Piano, Sebastiano Di Pietro, Lorenzo Di Bari 
Instrumentation and measurements  
 VCD spectra were acquired with a JASCO  FVS-4000 instrument using BaF2 cells and were 
baseline subtracted with the spectra of the cell filled with blank solvent using the same acquisition 
parameters and recorded immediately after and/or immediately before the sample. In all cases 6000 
or 8000 scans were accumulated for the Ln complexes with a background (50 accumulations) – 
blank solvent (2000 accumulations) – sample (6000 / 8000 accumulations) methodology in the 
2000-900 cm
-1
 (Ln DOTMA) or 2000-1300 cm
-1
 (Ln Lasalocid) spectral range. 
The Ln DOTMA spectra (2000-900 cm
-1
)
 
were acquired as 50 mM D2O solutions in 50 μm BaF2 
cells.  
 The Ln Lasalocid spectra (2000-1300 cm
-1
) were acquired as ca. 30 mM CD3CN solutions in 150 
μm BaF2 cells. The spectra were normalized, due to some uncertainty on the concentrations, toward 
the Er Lasalocid IR-absorption spectrum, using the absorbance of five maxima (1681, 1592, 1461, 
1428 and 1394 cm
-1
) of the solvent-subtracted spectra. These averaged normalization constants 
differ from 1 (Er Lasalocid reference) by less than 20% (see later on for details). In addition, the 
spectra were referred to the total concentration of the Lasalocid ligand (60 mM), which is the reason 
for using ’ instead of . In addition, the contribution of the free Lasalocid ligand (scarcely 
soluble in CD3CN) to the VCD spectrum is generally small and negligible at the chosen 
wavenumbers. 
1
H NMR (Agilent Inova 600 operating at 14.1 T, and 25° C, in D2O and CD3CN) 
were collected for all compounds prepared with the exception of Gd-complexes, to check the 
identity of the products.  
Synthesis  
 Lanthanides salts were used as received from Aldrich and stored in a desiccators with P2O5; the 
ligand H4-DOTMA was a gift from Bracco; Lasalocid sodium salt was used as received from 
Aldrich. All the solvents were reagent or HPLC grade.  
Preparation of Na[Ln(DOTMA)]  
Na[Ln(DOTMA)] were synthetized according to a described procedure.
1
 A stoichiometric amount 
of 0.1 M lanthanide chloride, or triflate (La, Sm), or nitrate (Pr), aqueous solution was added to 
solid H4-DOTMA. The resulting mixtures were heated up to 80°C and kept stirring for 24 h. 
Diluted NaOH solution was then added in each case to pH 6.5 and finally water was removed by 
Electronic Supplementary Material (ESI) for Chemical Communications
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evaporation. The NMR characterization can be found elsewhere.
2
 
Preparation of Ln Lasalocid (Ln=Tb-Lu) 
In 1 mL of ethanol, 5.4 mg of Lasalocid sodium salt (9 · 10
-6
 mol, C34H53NaO8, MW = 612.79 g / 
mol) and the equimolar amount of lanthanide chloride (Ln=Tb-Lu), was suspended and stirred for 
24 h, resulting in a clear colourless solution. Ethanol was evaporated and the white solid obtained 
was dried under vacuum (0.1 mm Hg) and not further purified. The 
1
H NMR spectra confirmed the 
presence of the Ln Lasalocid complex, together with a variable but small quantity of the free ligand. 
Lu Lasalocid, 
1
H NMR CD3CN (ppm): 7.08, 6.56, 4.6, 3.85, 3.66, 3.59, 3.47, 3.26, 3.21, 2.31, 2.25, 
2.12, 2.07, 2.03, 2.02, 1.93, 1.74, 1.56, 1.55, 1.54, 1.53, 1.5, 1.49, 1.42, 1.33, 1.26, 1.08, 1.08, 1.05, 
1.02, 0.99, 0.9, 0.77, 0.42. 
Yb Lasalocid, 
1
H NMR CD3CN (ppm): 55.9, 41, 31.3, 26.6, 24.5, 23.1, 17.6, 11.3, 11, 8.5, 6.3, 
2.67, 1.7, -1.03, -1.24, -1.32, -1.58, -3.36, -3.6, -3.72, -3.82, -4.7, -6.4, -6.94, -7.04, -7.47, -7.7, -8.2, 
-11.4, -11.9, -12.5, -13.4, -32.7. 
Er Lasalocid, 
1
H NMR CD3CN (ppm): 134, 74.82, 61.25, 51.74, 34.06, 25.37, 24.8, 20.43, 11.15, 
9.99, 8.81, 8.48, -0.98, -2.54, -3.15, -4.42, -6.71, -7.19, -9.96, -10.19, -10.87, -11.72, -12.49, -12.94, 
-18.86, -19.31, -20.71, -23.31, -27.65, -32.04, -41.95, -70.66. 
Dy Lasalocid, 
1
H NMR CD3CN (ppm): 148.64, 79.02, 75.26, 72.06, 52.26, 44.29, 36.45, 26.23, 
24.01, 21.95, 13.51, 10.67, 9.03, 8.51, 7.32, 5.01, 3.67, 2.67, 2.14, 0.8, -14.47, -18.26, -33.12, -36.7, 
-47.37, -49.08, -63.44, -65.49, -75.19, -103.21, -135.04, -147.23. 
Tb Lasalocid, 
1
H NMR CD3CN (ppm): 152.86, 129.39, 104.67, 92.44, 70.14, 57.16, 54.98, 37.73, 
32.49, 28.5, 23.44, 16.97, -4.77, -7.37, -13.08, -20.58, -35.32, -37.7, -41.99, -67.52, -96.46, -132.92, 
-147.19. 
Ho Lasalocid, 
1
H NMR CD3CN (ppm): 109.37, 75.15, 57.97, 47.93, 46.67, 44.87, 34.27, 32.73, 
31.75, 21.68, 20.34, 16.74, 14.49, 13.38, 11.55, 10.74, 8.29, 6.98, 5.94, 3, -2.82, -7.44, -16.33, -
21.8, -35.86, -42.88, -60.71, -73.92, -79.99, -111.35. 
Tm Lasalocid, 1H NMR CD3CN (ppm): 143.55, 126.18, 74.99, 66.56, 47.61, 37.4, 30.16, 13.23, 11.88, 
-14.1, -14.69, -22.13, -23.27, -29.99, -30.92, -33.6, -36.92, -38.72, -45.29, -46.15, -46.77, -59.97, -
84.88, -102.08, -107.15, -145.3, -154.89. 
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 Figure S1. VCD spectrum of DOTMA free ligand (D2O). 
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 Figure S2. VCD spectrum of Lasalocid sodium salt (saturated solution CD3CN). 
 
Normalization of Ln Lasalocid spectra 
The normalization procedure consists in taking different absorption values of five IR bands 
in Ln Lasalocid spectra and refer each of them to a Er Lasalocid (chosen as reference). The 
normalization factors
*
 obtained were averaged and used to normalize both VA and VCD spectra. 
The values of ’ refer to the total Lasalocid concentration of the samples (60 mM). 
 
 
 
 
 
                                                          
*
 
n
n
Er
n
Ln
Abs
K
Abs
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 Table S1. Absorption values of Ln Lasalocid (CD3CN, ca. 30 mM) at different frequencies (corresponding to IR bands).  
 
Abs @ different frequencies (in cm
-1
) 
Ln 1 (1461.8) 2 (1591) 3 (1681.6) 4 (1429) 4 (1394.3) 
Er 0.34 0.205 0.189 0.21 0.257 
Ho 0.3 0.188 0.18 0.188 0.243 
Dy 0.26 0.165 0.16 0.159 0.224 
Lu 0.257 0.188 0.195 0.185 0.185 
Tb 0.241 0.199 0.171 0.179 0.214 
Yb 0.314 0.214 0.245 0.213 0.24 
Tm 0.255 0.184 0.197 0.183 0.194 
 
Table S2. Normalization factors for Ln Lasalocid. 
 
Normalization factor 
 Ln K1 K2 K3 K4 K5 Average 
Er 1.000 1.000 1.000 1.000 1.000 1 
Ho 1.133 1.090 1.050 1.117 1.058 1.090 
Dy 1.308 1.242 1.181 1.321 1.147 1.240 
Lu 1.323 1.090 0.969 1.135 1.389 1.181 
Tb 1.411 1.030 1.105 1.173 1.201 1.184 
Yb 1.083 0.958 0.771 0.986 1.071 0.974 
Tm 1.333 1.114 0.959 1.148 1.325 1.176 
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 Figure S3. VCD spectra of Ln Lasalocid (CD3CN) for Tb, Dy, Tm, Yb and Lu.  
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 Figure S4. VCD spectra of Ln Lasalocid (CD3CN) for Ho, Er and Lu.  
 
Figure S5. Absorption spectrum of Er Lasalocid (CD3CN) [30 mM CD3CN solutions in 150 μm BaF2 cells]. This compound was used 
to normalize all the other spectra, as explained above.  
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Figure S6. Absorption spectrum of Lu DOTMA (D2O) [50 mM D2O solutions in 50 μm BaF2 cells.]. The region between 1280 and 
1160 cm
-1
 was erased because obscured by the D2O signal 
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